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Fungal Genetics: From Fundamental Research 
to Biotechnology* 

By Karl Esser 



1. Introduction 

The mostly descriptive studies in mycology at the beginning of this 
century involved neither experimentation nor inheritance studies with 
fungi. However, the first genetic experiments with fungi were begun 
shortly after the rediscovery of Mendel's work, with various unrelated 
species. 

Crossing experiments were reported in the zygomycete Phycomyces blakesleeanus 
(Burgeff 1912, 1914, 1915); in the ascomyctes Glomerella cingulata (Edgerton 1912, 1914) 
and Ascobolus magnificus (Dodge 1920), and in the basidiomycete Schizophyllum com- 
mune (Kniep 1918, 1920). 

Thus, fungal genetics was born. Unfortunately, the interest of geneticists 
in this domain of genetics was slight at that time, partially due to the 
tremendous progress having been made in genetics using diploid organ- 
isms, such as higher plants and the fruitfly Drosophila as model organ- 
isms. Nevertheless, fungal genetics developed concomitantly with in- 
creasing knowledge in other areas of biology as well as in chemistry and 
physics. In retrospect, a stepwise progression becomes apparent, in 
which each step involved the general interest of researchers being con- 
centrated on one with a circle of problems. Progress was made in incre- 
ments and, as soon as elucidation of one given topic was exhausted, ex- 
perimental studies led on to a further new and more promising level 

(Fig- 1)- 

This does not mean that the topics of earlier periods were abandoned or no longer of 
interest. They also progressed, albeit with less momentum; for example, even for studies 
of molecular biology, mapping of chromosomal genes is sometimes required. However, 
some topics from the classical period have again aroused the attention and interest of 
molecular biologists, as will be shown below. It must also be realized that the tremendous 
expansion in fungal genetics, not only with respect to the different areas of research but 
also by the inclusion of many new fungal species, has led to an enormous increase in 
persons or groups involved in this field. When the author entered fungal genetics 45 
years ago, worldwide about 30 laboratories belonged to the "family" of fungal geneticists. 
At present, it is impossible to give an estimate, which certainly would be in the range of 
several hundreds. 



* Extended version of an invited lecture held at the 3rd European Conference on Fungal 
Genetics, March 27, 1996 (Munster, Germany). 
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Fig. 1. Scheme showing the stepwise progression of fungal genetics during the 20th cen- 
tury. The beginning of the main research areas is indicated in each particular step, fol- 
lowed by its specific topic. Although research in the three basic steps was devoted to 
chromosomal genetics in the first decades, there is no question at present that molecular 
genetics is also well established 



There is no question that in the different periods of fungal genetics, as 
summarized in Fig. 1, the principal interest was fundamentd research. 
The various trends will be discussed step by step following historical 
development, concentrating on those topics which have contributed to a 
general understanding of biological phenomena. My aim is also to in- 
form, especially the younger generation of researchers, about the roots 
of fungal genetics. I have the impression that today, in the age of mo- 
lecular genetics, the aim and results of formal genetics are almost forgot- 
ten. However, one should not underestimate the significance of this field 
to underpin and supplement the results of molecular genetics, not only 
at present but also in the future. 

The next section describes the trends in fundamental research, fol- 
lowed by a section showing the implication of fungal genetics with bio- 
technology. In the last section a preview of future trends in fungal genet- 
ics is attempted. 

Comprehensive literature covering the whole area of fungal genetics may be found in the 
following books or reviews: Esser and Kuenen (1967); Burnett (1975); Fincham et al. 
(1979); Fincham (1983); Perkins (1992); Wessels and Meinhardt (1994); Kiick (1995) Bos 
(1996). Specific review literature is quoted in the various sections. 



2. Trends in Fundamental Research 

Following the spirit of the time, the aim of the fungal geneticists was to 
use the fungi as experimental model organisms to support and enlarge 
the knowledge of inheritance as predicted by the Mendelian laws. This 
mainly concerned the location of genes on the chromosomes and their 
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mode of transmission (chromosomal or formal genetics). Only decades 
later did the fungi become accesible to extrachromosomal and molecu- 
lar genetics. 



a) Chromosomal Genetics 

Any genetic experiment requires bringing haploid nuclei from different 
individuals together by plasmogamy and allowing them to fuse 
(karyogamy) in order to obtain recombination of chromosomes or parts 
of them during meiosis. Furthermore, one must be able to analyze the 
offspring of the crosses. This requires familiarity with the life cycles and 
systems of sexual reproduction (breeding systems) of the fimgi con- 
cerned. 



a) Breeding Systems (first step, Fig. 1) 

Mating-types 

In mating single-spore cultures of Phycomyces nitens (later renamed 
P. blakesleeanus) and other Mucoraceae, Blakeslee (1906) found two 
classes of mycelia. In all intraclass matings of strains, no sexual organs 
were produced and thus no fruit bodies occurred. This was the case only 
in interclass matings. Since these gametangia show no morphological 
differences and thus cannot be attributed to male or female sex, he 
termed the compatible strains mating types and used the abbreviations 
+ and - for differentiation. Blakeslee and his contemporaries considered 
the mating types as a reduced form of maleness and femaleness. The 
existence of two mating types was subsequently reported for the asco- 
mycete Ascobolus magnificus by Dodge (1920). 

Kniep (1920, 1922, 1923) introduced the basidiomycotina "into the 
game". This caused a reduction in interest in the Mucoraceae. In the 
offspring of Schizophyllum commune he found four mating types. Two 
allelic genes designated A and B are responsible for the sexual reaction, 
the individual alleles being indicated by numerical superscripts A ^ ... A^ 
and B, ... B^. In the most simple case, this gives the mating types the fol- 
lowing genetic formula: A,B,, Afi^ A^B^ Afi,. The sexual relationships 
between the four mating types were formulated by Kniep (1920): 
"Neither of the allelic pairs can unite to form a homozygote at karyog- 
amy". From this follows that only two fertile matings exist among the 
four mating types, namely: x A^^ and A^B^ x A^,. In order to distin- 

guish this mechanism from the one with only two mating types, Kniep 
used the expression tetrapolar, whereas the other was called bipolar. In 
the following years, the existence of mating types was found in many 
ascomycetes and basidioycetes as reviewed by Kniep (1928, 1929). 
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Unfortunately, the designation of the mating-type loci is rather confused: + and - are 
used in the mucorales and in the most ascomycetes, A and a in Neurospora crassa, A and 
B in the basidiomycetes, a and a in Saccharomyces cerevisiae. In order to simplify this 
confusion, at present there is a tendency to add the prefix MAT or mat to the various 
gene symbols. 

Incompatibility 

For the failing of fertile matings between like mating types, Stout (1918) 
had already Introduced the term incompatibility. In consequence of a 
better understanding of sexuality in fungi, this expression, with the pre- 
fix bipolar or tetrapolar, was adopted to characterize the mating compe- 
tence of fungi. The existence of bipolar incompatibility and tetrapolar 
incompatibility was henceforth demonstrated in numerous fungi. Bipo- 
lar incompatibility was found in more than 50 species of ascomycetes. In 
the basidiomycetes more than 500 species (90%) show incompatibility, 
mostly tetrapolar (see list in Esser 1967). 

Gene Structure 

The period of merely describing the occurrence of incompatibility ended 
when Raper and his associates, based on comprehensive experimental 
data, provided an understanding of the structure of the A and B loci 
controlling the tetrapolar mechanism in basidiomycetes. The main sub- 
jects for these studies were Schizophyllum commune and Coprinus cin- 
ereus (review: Raper 1966). 

Their data may be summarized as follows: 

1. Both A and B are complex genetic units, consisting of two closely 
linked multiallelic loci which were termed a and p. Therefore A and B 
are referred to as factors. 

2. As a consequence of recombination between the a and p genes, there 
are many allelic mating-types, as many as 228 for the A factor and 81 
for the B factor. 

3. According to Kniep's rule, compatibility and fruit-body formation 
occur in matings only when both the A and the B factors are different. 

Some years were needed until again a new stimulus directed interest to 
the gene structure of incompatibility factors; this was the possibility of 
using the techniques of molecular genetics, such as gene cloning and 
DNA sequencing. The first success was obtained witfi Saccharomyces 
cerevisiae, namely, the discovery of a cassette-like structure of the mat- 
ing-type factors (review: Schmidt and Gutz 1994). 

This yeast possesses three not closely linked loci, which control the 
specificity of the two mating types, a and a. They are designated HML, 
MAT, and HMR. MAT is the actual mating type locus, where either an a 
or an a-cassette is integrated. The term cassette instead of gene was in- 
troduced, because both the a- and a-DNA sequences contain three genes. 
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According to the cassette present in MAT, a haploid strain reacts either 
as mating type a or a. However, the other genes, HML and HMR, contain 
also a- or a-cassettes, which are not expressed. Under the influence of 
endonucleases cassettes may be transposed from the silent genes to the 
MAT locus and replace the present cassette, and may thereby convert 
the mating type specificity. In the standard laboratory strains showing 
stable mating type specificity, this enzyme is defective. 

In this context an anecdotal remark: There was a long polemic fight between Winge and 
Lindegren in the 1940s and 1950s, because Winge (1935) had described Saccharomyces 
cerevisiae as self-fertile and Lindegren (1944) as self-incompatible. In addition, Linde- 
gren had observed gene switching and explained it as gene conversion. For a long time 
this was not accepted by the scientific world; even the correctness of his observation was 
doubted. As we know now, the observation was correct, but not the interpretation. This 
does not diminish the merits of Lindegren, who made fundamental contributions in the 
formal genetics of two essential fungi, Neurospora aassa and Saccharomyces cerevisiae 
(see p. 10). 

Possibly, initiated by the results obtained with yeast, a deeper insight 
into the fine structure of incompatibility factors was obtained in both 
basidiomycotina and ascomycotina. The subjects were mainly Schizo- 
phyllum commune, Coprinus cinereus, Ustilago maydis and Neurospora 
crassa, Podospora anserina, and Cochliobolus heterostrophus (reviews: 
Kites and Casselton 1992; Casselton and Kites 1994; Glass and Nelson 
1994; Kamper et al. 1994). 

1. Basidiomycotina Molecular analysis has mainly concentrated on the 
A factor, which comprises two closely linked genes, Aa and Ap. As 
gene sequencing revealed, both genes have two regions (HDl and 
HD2) coding for specific proteins which are responsible for the com- 
patibility or incompatibility reaction of different A-factors. Only re- 
cently have cloning experiments with the B-factors become known 
(Specht 1995). 

2. Ascomycotina The mating type-genes are composed of dissimilar 
DNA sequences (e.g., in N. crassa, a mating type 5301 bp and a mat- 
ing type 3235 bp). They were therefore termed idiomorphs instead of 
alleles. Each idiomorph contains only one copy of the a and a se- 
quence which is responsible for the mating reaction. This explains 
the stability of mating types in mycelial ascomycetes, as compared to 
the cassette structure of the mating-type loci in yeast. Both N. crassa 
and P. anserina carry two additional genes in the larger idiomorph, 
which have no influence on the compatibility, but are required for 
fruit-body maturation. Comparison of the amino acid sequence of 
mating-type idiomorphs with the corresponding genes in S. cerevisiae 
showed a striking similarity. In contrast to all other ascomycetes, the 
mating idiomorphs are also responsible for the vegetative incom- 
patibility between the two mating types (see next paragraph). 
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Homogenic and Heterogenic Incompatibility 

Incompatibility is not based exclusively, as described above, on intoler- 
ance between nuclei carrying identical incompatibility factors, but may 
also be due to a gene mechanism which is the complete opposite: based 
on an incompatibility between genetically different nuclei. This phe- 
nomenon occurs in matings between different races, and concerns both 
the sexual and the vegetative phase in inhibiting hyphal fusion and het- 
erokaryon formation (vegetative or heterokaryon incompatibility). In 
order to distinguish between these two systems, according to their mode 
of genetic determination, they have been called homogenic and hetero- 
genic incompatibility (Esser 1971). 

Heterogenic incompatibility, in general, is characterized by a zone of aversion between 
two mating mycelia in which the hyphae intermingle and kill each other. Although this 
phenomenon was known long ago (Reinhardt 1892), a first genetic analysis was provided 
only half a century later by Rizet (1952), who studied the ascomycete Podospora anserina. 
For this kind of vegetative incompatibility he used the term barrage. Shortly after, it was 
found that barrage formation was in many cases also linked with sexual incompatibility 
(Rizet and Esser 1953; Esser 1956). 

The best-analyzed fungus is Podospora anserina, the mating competence 
of which is controlled by the bipolar mechanism of homogenic incom- 
patibility. At least six loci were identified as instrumental in two differ- 
ent mechanisms of heterogenic incompatibility: 

1. The allelic mechanism provokes vegetative incompatibility, only 
showing up as barrage formation. It does not interfere with the sexual 
compatibility of + and - mating types. It is caused by at least one al- 
lelic difference at a single locus (e.g., t/t,). 

2. The nonallelic mechanism depends on the interaction of two specific 
alleles at two different loci (e.g., a,/b or c,/v). It causes barrage for- 
mation as well as sexual incompatibility of different mating types. 

From this follows that in interrace matings in Podospora anserina het- 
erogenic incompatibility overlaps the breeding system of bipolar ho- 
mogenic incompatibility. In the past few years, many other cases of het- 
erogenic incompatibility have been found and partially analyzed in fungi 
and also in plants, animals, and prokaryotes (reviews: Esser and Blaich 
1973, 1994). 

Recently, some of the genes involved in heterogenic incompatibility were cloned and 
sequenced. In one case it was shown that a single amino acid difference is sufficient to 
cause barrage formation. At present, only predictions exist concerning the function of 
the polypeptides encoded by the incompatibility genes (for ref. see B6gueret et al. 1994). 

General Importance 

The biological importance of the breeding systems is based principally 
of their ability to control karyogamy, at the same time contributing to 
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the recombination of the genetic material. Continued evolution is made 
possible by permanent mixing and recombination of genetic material, 
with as much different material as possible. This process is hindered by 
self-fertilization, and enhanced only by heterogenous fertilization. Con- 
sequently, we can recognize that dioecism (common in animals, rare in 
fungi and plants), guarantees that karyogamy always takes place be- 
tween two genetically different individuals. It may be regarded as a re- 
straint to inbreeding. 

In monoecious organisms which are primarily hermaphroditic, and 
thus potentially capable of self-fertilization, the same effect is obtained 
by homogenic incompatibility. Because monoecious organisms are more 
common in the plant kingdom and in fungi than in animals, it is under- 
standable that on an "evolutionary basis", sexual incompatibility in 
plants has developed as a substitute for the dioecious nature of animals. 

Heterogenic incompatibility plays a role in evolution as an isolation 
mechanism. Since it restricts inter-race mating, the race becomes the 
smallest breeding unit. Mutations occurring within one race will not 
become transferred to another. This is the beginning of a specification 
and diversification leading eventually to the formation of a new species. 

Two messages become clear from the study of breeding systems dur- 
ing this first period of fungal genetics: 

1. Mating in most fungi is not controlled by sexual chromosomes, but 
by sexual incompatibility expressed as mating types. 

2. The rather complicated structure of the various breeding systems 
occurring in fungi makes it evident that using fungi as model organ- 
isms requires careful reflection on the suitability of a specific fungus 
for a specific problem. 



p) Recombination (second step. Fig. 1) 

In the first two decades of genetics, there was no question of using dip- 
loid plants and animals, such as corn and the fruitfly Drosophila, as 
model organisms. The progress made with diplonts after the rediscovery 
of the Mendelian laws was so overwhelming that nobody thought of 
changing the material. 

However, there was one exception. B. O. Dodge, one of the leading 
mycologists in those days, had established the genus Neurospora (Shear 
and Dodge 1927). He studied the breeding system of this bipolar incom- 
patible ascomycete and carried out the first tetrad analysis (Dodge 1927, 
1952). He was convinced that this haploid fungus, especially the species 
N. crassa with a rather short life cycle of about 4 weeks, was far superior 
to the diplonts, because in a haplont the phenotype equals the genotype. 
Backcrosses to identify the genotype of diploid hybrids are not neces- 
sary, because there are no heterogenic hybrids. 
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Dodge, who worked in 1958 at The Bronx Botanical Garden in New York, told me that in 
the 1930s he had urged T. H. Morgan, the famous Drosophila geneticist working at that 
time at Columbia University also in New York, to work with Neurospora, However, for 
some years Morgan showed no interest. In time however, he changed his mind, because 
after moving to the California Institute of Technology at Pasadena, he suggested working 
with this mold to a graduate student (Carl Lindegren). After a short training at Dodge's 
laboratory, Lindegren began his research with Neurospora (Lindegren 1973). In the early 
1940s he abandoned Neurospora and began successful experiments to establish the for- 
mal genetics of Saccharomyces (s. p. 7). 

In the next years, Lindegren (1932a,b, 1933) through his fundamental 
studies, made Neurospora crassa available for genetic research. It is the 
merit of both Dodge and Lindegren that genetics of haploids became 
"acceptable". Now fungal genetics had attained the next step, namely, 
the level of recombination (review: Esser 1996). 

Meiotic Recombination 

Early in the history of genetics, it became obvious that the hereditary 
traits, the genes (johannsen 1909), were arranged in linkage groups 
(Morgan 1911) on the chromosomes, and that during the meiotic divi- 
sion by crossing over (Morgan and Cattell 1912), a recombination of the 
genetic material was achieved. Geneticists were interested in both un- 
derstanding the complicated process of recombination from which only 
its cytological expression, the crossover, was known and also document- 
ing the localization of the genes on the chromosomes, which is very 
time-consuming in plants. Even in Drosophila, with a generation time of 
a few weeks, the analysis of a diploid offspring by backcrosses takes 
time. As mentioned briefly above, both of these disadvantages were not 
present when using haploid fungi. 

Tetrad Analysis 

Certain fungi have the advantage that the four products of each meiotic 
division remain together as a tetrad of asco- or basidiospores and can be 
analyzed directly. In some ascomycetes, such as Neurospora crassa, Sor- 
daria macrospsora, and Podospora anserina, after the meiotic divisions, 
as a result of a specific orientation of the spindles, the nuclei, and thus 
the spores, assume a predictable order in the ascus (ordered tetrads). If 
this is not the case, as in Ascobolus and basidiomycetes, unordered tet- 
rads are formed. 

As compared to random analysis of an offspring, tetrad analysis pro- 
vides much more information. 

In general: 

1. The analysis of a single tetrad is sufficient to exhibit a heterogeneity 
of the mating partners. 
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Fig. 2 a-c. Sordaria macrospora. Ascus types from a dihybrid cross of spore color mu- 
tants: yellow spores (y gr^) x gray spores (y^ gr). a Parental type, yellow and gray spores; 
b Recombinant type, black and white spores; c tetra-type all four spore colors. (After 
Esser and Kuenen 1967) 



2. There are very few tetrads necessary to show linkage, and/or pleio- 
genic difference, the presence of lethality genes, or chromosomal ab- 
errations. 

3. If genes determining the spore color are used as markers, a micro- 
scopic evaluation of the segregation pattern is possible (Fig. 2). 

Chromosome Maps 

One of the main goals in the early days of formal genetics was to estab- 
lish chromosome or linkage maps, in which the markers of a linkage 
group are arranged according to the relative distance between them. The 
frequency of crossovers between two linked markers serves as a measure 
of the map distance between them. The construction of accurate linkage 
maps depends primarily upon the precision with which the number of 
crossovers can be determined from recombination data. 

However, there are two main handicaps: 

1. Multiple crossovers may occur if chromosome markers are located at 
larger distances. Thus, the recombination values obtained from ex- 
periments are not in accordance with the number of crossovers. 
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Fig. 3. Mapping functions to correct map distances obtained by tetrad analysis (postre- 
duction or tetratype frequencies) for different degrees of interference values Q. Complete 
interference <: = (); positive interference Q = 0.1 to 0.9; no interference (random distribu- 
tion of crossovers) Q = 1.0. (After Esser and Kuenen 1967) 



2. Interference is present in most organisms, as the formation of cross- 
overs is hindered by a nonrandom distribution of crossovers among 
the four chromatids of a tetrad. 

In order to overcome these problems, on the basis of experimental data, 
mapping functions were developed considering the various degrees of 
multiple crossover and interference (Fig. 3). By using its specific map- 
ping functions, it is possible to establish for each organism a correct 
chromosome map. 

Mitotic Recombination 

Mitotic recombination was first observed by Stern (1936) in diploid het- 
erozygous somatic cells of Drosophila melanogaster. Not much notice 
was taken of this phenomenon until it was rediscovered in the 1950s in 
Aspergillus nidulans by Roper and Pontecorvo, and subsequently de- 
tected in many other fungi (for ref. see Esser and Kuenen 1967; Bos 
1996). 

The significance of this discovery lies primarily in the fact that mi- 
totic recombination provides an alternative to meiotic recombination. It 
allows imperfect fungi which are unable to perform a sexual cycle to 
recombine their genetic material in a parasexual cycle. As its name sug- 
gests, this cycle comprises a process similar to a sexual cycle. However, 
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recombination occurs during a mitotic and not during a meiotic divi- 
sion. This is expressed by the prefix para. 

The discovery of the parasexual cycle brought a new impulse into the 
research of fungal recombination. 

1. The mechanism of mitotic crossover. From a comparable analysis of 
meiotic and mitotic recombination in the perfect ascomycete Asper- 
gillus nidulans, it became evident that both mechanisms lead to com- 
parable results. Thus, the linear arrangement of the genes in a chro- 
mosome is the same, and basis data from both mechanisms can be 
combined. 

2. Accessibility of imperfected fungi for a genetic analysis. Immediately 
after the detection of the parasexual cycle in Aspergillus nidulans, 
great efforts were undertaken to establish this cycle in other hyphal 
fongi, especially in fungi imperfecti, for industrial use (e.g., Penicil- 
lium sp.), with the aim of strain improvement. This was the first ap- 
proach between fungal genetics and biotechnology. 

General Importance 

Today, it is difficult to understand how much emphasis was placed by 
various groups on the formal genetics of recombination in the years 
before biochemical and, later, molecular genetics became established. 
Apart from problems briefly dealt with in this paragraph, many other 
topics were studied in detail, such as chromosome versus chromatid 
interference, sister strand exchange, and intragenic recombination. 

From our present viewpoints this may look like "collecting stamps", a 
waste of time and energy, but this is not true at all. On the contrary, es- 
sential data on and conceptions of recombination mechanisms were 
obtained. This period can be further characterized as a kind of "waiting 
for the next breakthrough" to another area of fungal genetics. This is 
typical for any development in science which, as mentioned several 
times in this chapter, does not follow a straight line, but goes in leaps 
and bounds. 

The practical application of all the detailed knowledge that accumu- 
lated in those years certainly does not stand in relation to the tremen- 
dous effort of analyzing hundreds of tetrads to obtain suflficient data for 
a mathematical evaluation. Even in the age of genetic engineering, how- 
ever, in both hyphal fungi and yeasts, formal genetics is not only some- 
times helpful but also often necessary if the fungi concerned permit 
analysis of meiotic or mitotic recombination, which is the case for most 
fungi used in biotechnology. 

In this context, one should not overlook the emphasis which was made during the 
"flourishing years" of fundamental genetics to understand the phenomenon of mutation. 
There is no space here to go into detail, but a few catchwords might elucidate the role of 
fungal genetics in this domain: methods to isolate specific mutants; irradiation and 
chemically induced mutagenesis; specific intra- and intergenic mutation; segmental 
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mutations easy to recognize and differentiate by tetrad analysis; (for further information 
see Esser and Kuenen 1967). 

In retrospect there are two messages 

1. The analysis of recombination in haploid fungi, especially in exploit- 
ing the advantage of tetrad analysis, has made essential inputs to the 
understanding of DNA exchange not only during meiosis but also 
during mitosis. This became evident as early as 1963, when, on the 
basis of intragenic recombination, the Hybrid DNA Hypothesis was 
proposed by Whitehouse. This model was a preview of genius for the 
formation of hybrid DNA segments following breaks in two DNA 
single strands and subsequent replication in the region of the breaks. 
This mechanism was, in principle, confirmed much later by tech- 
niques of molecular genetics. 

2. Especially the discovery of the parasexual cycle has let to an ap- 
proach by fundamental genetics towards biotechnology. 



Y) Gene Expression (third step. Fig. 1). 

It is obvious that with increasing knowledge of hereditary mechanisms, a 
correlation between single genes and a specific phenotype was found, 
such as color of flowers or pigments in animals. This raised the question 
of the nature of the physiological mechanisms initiated by the genes in 
order to express their phenotype (gene expression). In this context, a 
second question was raised; the correlation between genes and specific 
morphogenetic differentiations. 

Biochemical Pathways 

In the late 1930s, Kuhn and Butenandt in Germany and Ephrussi and 
Beadle in France, working independently of each other, performed com- 
parative genetic and biochemical studies on eye pigment formation in 
the flour moth Ephestia and in the fruitfly Drosophila, respectively. They 
found that genes affect specific metabolic steps by determining the ac- 
tivity of specific enzymes. Butenandt could specify these data by show- 
ing that kynurenin, which causes the eye color in these insects, is enzy- 
matically produced from tryptophan under the control of a single gene. 
With this discovery biochemical genetics was born (for ref. see: Beadle 
and Ephrussi 1936; Butenandt et al. 1940, 1942; Kiihn 1941, 1948; Eph- 
russi 1942). 

Unfortunately, the beginning of World War II interrupted work in Paris. Both Ephrussi 
and Beadle went to the USA, but to different laboratories. Beadle evidently remembered a 
previous contact with Dodge, whom he had met earlier as a student (Beadle 1966), and 
realized the great advantage of Neurospora crassa for genetic and biochemical studies. 
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In the 1940s, in a comprehensive experimental approach, Beadle, Tatum, 
and their collaborators followed the gene-enzyme concept initiated in 
Europe by using Neurospora crassa, due to its easy experimental acces- 
sibility, as subject. Their main results maybe summarized as follows: 

1. They produced a great number of single gene mutants which had lost 
the capacity to grow on a nutritive medium containing only a sugar 
as C-source and minerals, but devoid of amino acids, vitamins, and 
other organic compounds (minimal medium). The survival of such 
auxotrophic mutants becomes possible by adding to this minimal 
medium the substances which the mutants are unable to synthesize 
(Beadle and Tatum 1945). 

2. Many of these mutants are not identical, though they are auxotrophic 
for the same end product of a synthetic pathway (e.g., histidine). 
They were found to control the synthesis of an intermediate of the 
pathway concerned. From these followed that the synthesis of an 
amino acid or a vitamin is controlled by a series of genes which affect 
different steps in the biochemical pathway through formation of 
specific enzymes (Beadle and Tatum 1941). 

3. After having understood the general principle of the gene-enzyme 
relation, many biochemical pathways for amino acids, vitamins, pu- 
rines and pyrimidines were elucidated. It became apparent that indi- 
vidual pathways are not only linear, but may be branched, or may 
converge to a greater or lesser degree. 

4. From the totality of their data, the one-gene-one-enzyme hypothesis 
was derived (Beadle 1945). The most lucid statement of this hy- 
pothesis was formulated by Horowitz (1950), after reviewing critically 
all pertinent experimental data from Neurospora crassa as well as 
from other fungi: "a large class of genes exists in which each gene 
controls the synthesis or activity of but a single enzyme". 

With this fundamental work, another essential level in fungal genetics 
was attained and with it a breakthrough, namely, the inclusion of bio- 
chemistry into fungal genetics. The drastic alteration of the genetic 
landscape, however, was not restricted to fungi. On the contrary, compa- 
rable studies on bacteria were also responsible for the firm establish- 
ment of biochemical genetics as an experimental science. Beadle and 
Tatum's work was honored with the Nobel Prize. In his Nobel Prize lec- 
ture Beadle also gave credit to the predecessors of this work (Beadle 
1959). The 50th anniversary of Beadle's and Tatum's first publication on 
Neurospora was honored in a review by Horowitz (1991). The whole 
"Neurospora story" is found in a comprehensive review by Perkins 
(1992). 

In the following years, attention was directed to specification of the 
gene-enzyme relation. One of the main questions was: is there a direct 
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correlation between a gene and the enzyme structure? It became evident 
that two main categories of genes exist: 

1, Structural genes determine with their DNA sequence (genetic code) 
the amino acid sequence of an enzyme, and thereby also its secon- 
dary structure (direct control). 

2. Regulatory genes control the rate of synthesis of the product of 
structural genes (indirect control). 

Concomitantly to the numerous efforts made to understand gene expression, using fungi 
as model organisms, bacterial geneticists were following the same track. Thus, Jacob and 
Monod (1961) were able to present a theory of the cooperative action of structural and 
regulatory genes, which in the following years was generally accepted, and in 1961 hon- 
ored with the Nobel Prize. 

Deeper understanding of gene expression and the fact that some en- 
zymes are complexes of several polypeptides have led to a modification 
and more precise formulation of the one-gene-one-enzyme hypothesis 
into one structural gene-one polypeptide. 

In the past decades, many studies have provided deeper insight into 
the details of gene expression (reviews: Felenbok and Kelly 1996; Hynes 
and Davis 1996; Marzluff 1996; Sachs 1996), but new perspectives com- 
parable to the "revolution" caused by Beadle and Tatum's work have not 
yet become evident. 

Morphological Pathways 

As a consequence of clarifying the genetic control of biochemical path- 
ways, the interest of geneticists focused on the question of how genes 
initiate and direct the biochemical processes which are responsible for 
particular steps in morphogenesis. This is undoubtedly a problem of 
general biological significance. The perfect model organisms to attack 
this problem are the fungi because of their rather simple differentiation 
in mycelia, cells functioning in asexual reproduction, and sex organs 
with associated fruit bodies. 

As a prerequisite, it was first necessary to find out how many genes 
take part in the expression of a specific morphological character. If more 
than one gene is involved, the effect of each developmental sequence 
must be determined. The establishment of a genetic pattern for the cor- 
relation of genes with specific morphogenetic steps should then allow a 
biochemical analysis. 

In a variety of fungi, morphological mutants were produced and analyzed, e.g., Neuro- 
spora crassa, Sordaria ftmicola, Sordaria macrospora, Podospora anserina (ascomycetes) 
and Agrocybe aegerita, Polyporus ciliatus, and Schizophyllum commune (basidiomycetes) 
(reviews: Esser and Kuenen 1967; Meinhardt and Esser 1992; Wessels and Meinhardt 
1994). 
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Fig. 4. Sordaria macrospora. Genetic control of morphogenesis. The life cycle is arbitrar- 
ily subdivided into the following developmental stages. 1 mycelium formation; 2 differ- 
entiation of the ascogonium; 3 transformation of the ascogonium into a perithecium; 4 
dikaryotic phase with karyogamy and ascus formation; 5 meiosis and spore formation; 6 
maturation of the ascospores; 7 discharge of ascospores. Male sexual organs are not 
produced in this apandrous fungus. The arrows with gene symbols show at which stage of 
differentiation particular mutations block the morphological pathway. (After Esser and 
Straub 1958) 



The results of the various groups can be briefly summarized as follows. 
In both ascomycetes and basidiomycetes, the life cycles are controlled by 
a series of mostly unlinked genes. As may be seen from Figs. 4 and 5, 
they act in sequence in controlling the morphogenesis step by step. The 
importance of the findings is that morphogenesis is caused by a genetic 
pathway comparable to that of enzyme formation. 

When considering the fact that the first morphogenetic pathway be- 
came evident already almost 40 years ago, on may wonder why so little is 
known at present about the mode of expression of the morphogenetic 
genes and about the physiological mechanisms that coordinate and 
control sexual reproduction. The answer is simple: there were no appro- 
priate techniques available to attack this problem. This shows again how 
dependent we are in biology on chemical and physical techniques. 
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Establishment of Dikaryon Fruit Body Formation 




Fig. 5. Agrocybe aegerita. Genetic control of morphogenesis. The establishment of a di- 
karyon depends upon the heterogeneity of the mating-type factors A and B of the mono- 
karyons. Fruit-body formation is under control of at least three unliked genes. The 
threshold to plektenchymatic growth leading via fruit initials (gene to fruit bodies 
(gene fb^) can be transgressed only if the suppressor-gene (su^) is depressed (su). (After 
Meinhardt and Esser 1981) 



It should not be overlooked that the interest in understanding morphogenesis was never 
lost during the past decades. On the contrary, constant efforts were undertaken, but they 
resulted mostly in descriptions of biochemical alterations (e.g., nucleic acids, protein) or 
in the influence of external conditions (e.g., light, nutrition) on differentiation (review: 
Dyer et al. 1992). 

Since the establishment of molecular genetics, many attempts have been 
made to elucidate the biochemical action of morphogenetic genes. As 
mentioned above (p. ...), in ascomycetes and basidiomycetes, mating- 
type genes are also involved in sexual morphogenesis. Some of these 
genes were cloned and sequenced. It is assumed that they encode 
polypeptides active as transcriptional regulators in fruit-body formation 
in ascomycetes. In the basidiomycete S. commune, they regulate the ex- 
pression of the fruiting genes in coding for specific proteins (hydropho- 
bins) which coat aggregating hyphae while forming fruit-body initials 
(for ref. see Glass and Nelson 1994; Wessels and Meinhardt 1994). In 
contrast to slime molds and plants (for ref. see Firtel 1995; Yanofsky 
1995), there is as yet no general concept to explain in detail the bio- 
chemical pathways coded for by the morphogenetic genes in fungi. 

General Importance 

The comprehensive chromosomal genetics on gene expression in both 
biochemical and morphological pathways has not only advanced general 
knowledge of gene function but also created a solid basis for future ap- 
plications of molecular genetics. 

The message. Caused by a shift in emphasis to molecular genetics, we 
expect in the future to understand in detail how genes express their ge- 
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netic code. This will also concern morphogenesis, one of the most fasci- 
nating biological phenomena. 



b) Extrachromosomal Genetics 

Shortly after the establishment of biochemical genetics, another level 
was reached, as researchers began to understand the traits responsible 
for extrachromosomal inheritance, a phenomenon recognize^ along 
with the rediscovery of Mendelian laws as early as 1909 by Carl Correns. 
He was able to show that the cytoplasm must also carry hereditary de- 
terminants. In the following years, many cases of extrachromosomal 
inheritance were detected in plants and animals. It became evident that 
the hereditary determinants occurring outside the chromosomes have 
the capacity for self-replication and can be transmitted sexually or 
asexually. Experimental efforts to decipher the nature of the extrachro- 
mosomal elements at first indicated mitochondria, and later also self- 
replicative infectious particles in the cytoplasm. 



a) Mitochondria (fourth step. Fig. 1) 

Ephrussi cut the Gordian knot by presenting definite proof of the par- 
ticipation of mitochondria in extrachromosomal inheritance. Back in 
Paris (see p. 14), he had abandoned Drosophila and taken up the yeast 
Saccharomyces cerevisiae as model organism, whereby a new fungus 
became "acceptable" in genetics. 



As mentioned above (p. 7), the formal genetics of S, cerevisiae was elaborated by Linde- 
gren (1949), who demonstrated that this yeast has a diploid life cycle. The four spores in 
the ascus segregate for two mating types (termed a and a). He induced auxotrophs and 
established the chromosome maps (Lindegren et al. 1959). 

Ephrussi and his collaborators discovered the petite colony mutants. 
These occur spontaneously when yeast cells are plated on nutritive me- 
dia. They are not able to satisfy their energy requirement from glucose 
via the aerobic pathway, because they lack some of the respiratory en- 
zymes. According to their low energy yield via fermentation (anaerobic 
pathway), these respiratory-deficient mutants have a reduced growth 
rate and form small (petite) colonies. 

As revealed by tetrad analysis of crosses with wild-type cells, there were two classes of 
petites: the vegetative mutant showed an extrachromosomal inheritance, the F, was uni- 
formly respiratory positive. The segregational mutant showed Mendelian inheritance, 
because in the tetrads a segregation pattern 2:2 for petites and wild cells was found (for 
ref. see Ephrussi and Hottinguer 1951). The segregational mutant has a single gene defi- 
ciency, whereas the vegetative mutants must have a mitochondrial deficiency. This was 
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proved by a cross between the two mutant types, which also showed a segregation pat- 
tern 2:2 (review: Ephrussi 1953). 

It was the merit of Ephrussi to have recognized the importance of these, 
from our present viewpoint, rather simple experiments: 

1. The formation of respiratory enzymes in yeast is controlled by an 
interaction of chromosomal genes and extrachromosomal elements. 

2. The extrachromosomal elements are self-replicating particles proba- 
bly associated with the mitochondria. 

In order to understand the value of the contribution of Ephrussi's dis- 
coveries to fundamental research, one has to recall the actual status of 
knowledge in genetics in the middle of this century. Neither the DNA 
double helix nor the fine structure of the mitochondria and its DNA 
content was known. 

One anecdotal remark: I remembered two seminars in the spring of 1953 in Ephrussi's 
lab. The first was given by a young American who was working at that time in the UK. He 
told us about a model concerning the structure of DNA which he and his associate in- 
tended to publish. This was Jim Watson. A few weeks later, Prof. Fry-Wyssling from 
Zurich presented unpublished electron micrographs revealing the lamellar fine structure 
of mitochondria; but there was no idea then of double-stranded mitochondrial DNA, 
which was described much later (Nass and Nass 1962). 

In retrospect, Ephrussi must be considered one of the fathers of the New 
Genetics, the molecular genetics for eukaryotes. In these fascinating 
1950s, new discoveries came one after the other, e.g., DNA double helix, 
plasmids in bacteria, structure and function of bacteriophages, fine 
structure of cell organelles. Everybody involved in genetics must have 
felt that there was "something in the air", a revolution, the change from 
formal to molecular genetics, which was to dominate the second half of 
this century. 

In the following years, yeasts were promoted as experimental systems 
in fungal genetics. Mitochondrial mutants were also found in other 
yeasts. The techniques of molecular genetics allowed detailed analysis of 
the structure and function of respiratory-deficient mutants and mito- 
chondrial DNA (mtDNA); (review: Wolf 1995). 

The great interest in work with yeast is documented by the fact that at present more than 
1000 people attend the international yeast conferences, whereas the first yeast conference 
in 1961 had 11 participants (von Borstel 1963). 

At approximately the same time, extrachromosomal inheritance of the 
poky phenotype (retarded mycelial growth) in Neurospora crassa was 
reported to be connected with mitochondria (Mitchell and Mitchell 
1952). A nucleocytoplasmic interaction exists likewise in this case, since 
poky can be suppressed by a single gene (f). The poky mutation became 
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the prototype of many other comparable mutations in this genus. Subse- 
quently, along with the increasing application of molecular genetics it 
was shown that all these phenotypes are caused by mutations of the 
DNA (review: Griffith et al. 1995). 

Initiated by these first experiments in fimgi, the study of mitochon- 
drial DNA was extended to many other fungi and also to plants. Thus, an 
understanding of mtDNA and its role, not only in inheritance but also in 
physiology, was achieved (reviews: Slonimski et al. 1982; Brennicke and 
Kuck 1993). 



p) Plasmids (fifth step. Fig. 1) 

Concurrent with the development in bacterial genetics in the early 1950s 
was the discovery that in Escherichia coli genetic factors (responsible for 
the production of bacterial toxins) are not localized on the bacterial 
chromosome. It became evident that these factors, termed plasmids by 
Lederberg (1952), consisted of linear or circular double-stranded DNA 
(dsDNA). They were able to propagate autonomously in the bacterial 
cytoplasm (replicative plasmids) or as an integral part of the bacterial 
chromosome (integrative plasmids). Subsequently, plasmids were dis- 
covered in many other bacteria. 

For many years, it was assumed that plasmids were unique to pro- 
karyotes. The first plasmid detected in a eukaryote was found in a strain 
of baker's yeast, Saccharomyces cerevisiae, by Sinclair et al. (1976). Its 
existence was revealed by electron microscope analyses, a major 
screening technique for extrachromosomal elements in those days. 
Based on its contour length, it was termed 2 p DNA. Subsequently, it was 
found that most strains of S. cerevisiae and closely related yeasts contain 
plasmids. Unlike the prokaryotic plasmids, specific functions cannot be 
attributed to most yeast plasmids (cryptic plasmids). For almost a dec- 
ade the existence of the 2 p plasmid was regarded as a phenomenon 
among eukaryotes unique to yeast. Only at the end of the 1970s were 
plasmids found in other eukaryotes. The discovery of the Podospora 
plasmid (plDNA), the first found in a filamentous fungus (ascomycete), 
resulted more or less accidentally during our studies on the senescence 
syndrome in this fungus (Stahl et al. 1978). 

Almost at the same time that Ephrussi had detected the petite colo- 
nies (see p. 19), Rizet, working in his lab, had observed that after pro- 
longed vegetative growth Podospora shows symptoms of aging: the 
growth rate of the mycelia decreases and mycelial growth finally ceases 
as the hyphae die (Rizet 1953). A detailed analysis of this syndrome 
(termed senescence) revealed that it is extrachromosomally inherited 
and caused by an infectious agent, which can be transferred Ada hyphal 
fusion from senescent to juvenile mycelia (Marcou 1961). Due to the lack 
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of appropriate techniques, there was no possibility of revealing the na- 
ture of this infectious agent. It was 15 years later that we observed that 
the onset of senescence was under the control of at least two chromoso- 
mal genes (Esser and Keller 1976). Next, it was found that the mtDNA 
was involved in the onset of senescence (Tudzynski and Esser 1977). 
This stimulated us to proceed with the techniques of molecular genetics, 
meanwhile available. 

A comprehensive study of the plDNA made it possible to understand 
its structure and function (reviews: Esser 1985; Kuck 1989; Fassbender 
and Kiick 1995). 

1. The plDNA (contour length 0.75 m, 2539 bp) is a self- replicative 
mobile intron of the subunit I of cytochrome-c-oxidase gene (COI) of 
the mtDNA encoding a reverse transcriptase. 

2. After excision and amplification, it is presumed to interact with mi- 
tochondrial gene expression, leading to senescence and death, be- 
cause Podospora, in contrast to yeasts, is not able to gain energy via 
the anaerobic pathway. 

3. The liberation and expression of the plDNA depend on at least two 
nuclear genes, which, when mutated, give "eternal life" to the Podo- 
spora mycelia. This shows striking similarity to the genetic control of 
cancer, for the onset of which also the action of at least two genes is 
required. 

The fact that independently of our work plDNA was detected in the same strains of 
Podospora (Cummings et al. 1979) and henceforth studied (for ref. see Kuck 1989), was 
not only a challenge for both groups but also a mutual confirmation of our data. This, 
last but not least, has helped to gain a general acceptance of the presence of plasmids in 
filamentous fungi, because in those days there was some skepsis concerning the existence 
of these genetic elements in eukaryotes. In this context it should be mentioned that, also 
independently of the two teams working with Podospora, eukaryotic plasmids were also 
found in the cereal Zea mays (Pring et al. 1977). 

The general importance of the discovery of the plDNA is twofold: 

1. It was the first possibility to explain, on a molecular level, details of 
the senescence syndrome, which accompanies all forms of life (review 
Esser 1991). 

2. It initiated a systematic search for plasmids in eukaryotes. It was 
amazing to learn how widely distributed these genetic traits are not 
only in fungi (e.g., Neurospora), but also within plants and even ani- 
mals. Thus, it is not too presumptive to postulate that plasmids are 
an expected supplement to the genetic information of most organ- 
isms (reviews: Esser et al. 1986; Griffith et al. 1995; Gunge 1995; 
Kempken 1995). 

Plasmids in general consist of circular or linear double-stranded DNA. 
Only a few, like the 2 p, plasmid of yeast, are associated with the nucleus. 
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The majority of eukaryotic plasmids are associated with the mitochon- 
drion. By analogy with bacterial plasmids, some of the mitochondrial 
plasmids have become integrated into the mitochondrial genome (e.g., 
plDNA of Podospora). This is further support for the endosymbiont the- 
ory, postulating an evolutionary relationship between mitochondria and 
bacterial progenitors. Recently, plasmids have also been found to be 
associated with chloroplasts. Unfortunately, most eukaryotic plasmids 
are cryptic, which may be a reason why its discovery resulted only a 
short time ago. 

As a further result of these efforts, other genetic elements originally attributed exclu- 
sively to prokaryotes were also found in fungi and other eukaryotes, e.g., transposons, 
fungal viruses (reviews: Mohr and Esser 1992; von Ciriacy 1995; Wickner et al. 1995). 

In conclusion, the implication of mitochondria in molecular genetics 
resulted in an understanding of structure and in some cases of function 
of extrachromosomal elements. The extrachromosomal inheritance lost 
its mystery. 



y) Genetic Engineering (sixth step. Fig. 1) 

Due to the cumulative data concerning the structure of extrachromoso- 
mal DNA, including plasmids, in both filamentous fungi and yeasts, the 
"iron curtain" between prokaryotes and eukaryotes was pulled down, so 
that it now became possible to manipulate filamentous fongi and yeasts 
by genetic engineering. Techniques on vector-mediated transformation 
(gene cloning), till then only applicable to prokaryotes (for ref. see 
Lederberg 1994), could now be exploited in fungal genetics. 

The advantage of fungi as hosts for genetic transformation becomes 
obvious, as, in contrast to Escherichia coli, most fungi do not produce 
toxic substances. Furthermore, genetic engineering also may be sup- 
ported by classical genetics, especially in yeast and other ascomycetes, 
using the advantages of tetrad analysis and mapping. 

The process of gene cloning has the following basic requirements: 

1. A specific vector (transport vehicle) for transfer of genetic informa- 
tion, containing eukaryotic plasmid DNA. Vectors consisting of pro- 
karyotic DNA only are not able to replicate in eukaryotes. 

2. A method for the efficient introduction and maintenance of the for- 
eign gene(s) into the eukaryotic host. 

3. A host which is capable of a sustained expression of the transferred 
gene(s) and of secretion of the produced polypeptides. 

The 2 p DNA plasmid of Saccharomyces cerevisiae (p. 21) was the first 
plasmid used successfully for transformation of a eukaryote. In these 
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Fig. 6. Generalized scheme of a shuttle vector for eukaryotic cloning. It consists of eu- 
karyotic and prokaryotic parts represented by different hatching. The latter part is op- 
tional, but enables the vector to be propagated and selected in a prokaryotic host such as 
Escherichia coli. Both parts contain a selection marker and an origin of replication (ori) 
inducing autonomous replication in the corresponding host. The eukaryotic part con- 
tains an expression cassette. It consists of a multiple cloning site (region for the insertion 
of the foreign DNA), flanked by a promoter and a terminator to permit and end tran- 
scription of the inserted gene. If necessary, a secretion signal sequence in order to ensure 
the secretion of the expressed protein is also integrated. (After Esser and Kamper 1988) 



early experiments, vector construction was achieved by attaching the 
entire plasmid to a bacterial vector and a selectable marker gene (Beggs 
1978; Hicks et al. 1979). In the following years, the techniques became 
more sophisticated, and the filamentous fimgi and later plants served 
also as hosts for gene cloning. 

In the beginning of gene cloning, so-called shuttle vectors were devel- 
oped permitting mutual transfer of DNA and its expression in both pro- 
karyotes and eukaryotes (Fig. 6). Also, vectors replicating autonomously 
in the cytoplasm were preferred. Due to the accumulation of numerous 
replicative vectors, a higher yield was expected. However, without selec- 
tive pressure, transformants of this kind are not stably inherited. Al- 
though the transformation rate is rather low, at present vectors are used 
which are inserted into the nuclear genome, so that in constructing these 
integrative vectors the eukaryotic ori can be omitted. 

Thus gene cloning has become almost a routine procedure, and it is 
also used in fundamental research (e.g., structure of mating-types genes, 
p. 7), as also in biotechnical genetics. Thus, there is no need to go further 
into details (reviews: Esser et al. 1986; Esser and Kamper 1988; Esser and 
Mohr 1990). 




Fungal Genetics: From Fundamental Research to Biotechnology 
6) General Importance 



25 



The study of phenomena of extrachromosomal inheritance has abol- 
ished the privilege of prokaryotes to be the sole subjects of molecular 
genetics. There is no longer a genetic gap between prokaryotes and 
fungi. This is important not only for fundamental research, but even 
more so for biotechnical genetics. In the pharmaceutical industry, yeasts 
and mycelial fungi have a position at least equal to, if not more impor- 
tant than bacteria. 

The message. The new biology, the DNA-mediated transformation of 
genetic material, has abolished dependency on sexual or parasexual 
processes for genetic manipxilation of fungi. 



3. Trends in Biotechnology 

Parallel to the increasing importance of fungal genetics for fundamental 
research, as shown in Fig. 1, the importance of fungi with respect to 
applied research, especially in the domain of biotechnology, has also 
increased, as may be seen from Fig. 7. 

Since early days, mankind has relied on the metabolic capacity of fungi to produce bread, 
cheese, alcohol, and other alimentary products, even though being unaware of the fungal 
participation. Thus, biotechnological procedures were performed subconsciously. The 
capacity of fungi to produce secondary metabolites must also have been recognized long 
ago, e.g., poisonous toadstools, hallucinogenic fungi. When man gave up living as a 
hunter, and began to cultivate plants and domestic animals, he started more or less in- 
stinctively to implement selective breeding. Why did he never try to breed fungi? It was 
certainly not the inability to cultivate them, because the Romans certainly did this. It was 
merely that there was no economic need. 

Fungi became recognized subjects of biotechnology when Wehmer in 
1893 used Aspergillus niger for the production of citric acid. The stimu- 
lus to exploit fungi for biotechnological purposes followed the discovery 
of penicillin by A. Flemming in 1928, and the need to produce this drug 
during World War II. Scientists all over the world were eager to improve 
the yield of this first antibiotic. Unfortunately, the strains of the Penicil- 
lium notatum/chrysogenum group are imperfect, and the only way to 
breed them at that time was to screen for the best producers from the 
available production strains. This technique was later improved by using 
mutagens. Mutation and selection alone, vdthout the ability to recom- 
bine the genetic material, has, however, only short-term value in breed- 
ing. 

Because of mutations imposed by insufficient knowledge of basic fungal genetics, 
"industrial fungi" were treated on the search-and-throw-away principle. That is to say. 
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choose a fungus which produces the substance you want and try to improve the produc- 
tion as much as possible. When the output drops because the strain is aging or has un- 
dergone uncontrolled mutations, discard it and start with a new one. This is certainly not 
the most effective method. 



a) Chromosomal Genetics 

As may be seen from Fig. 7, until that time, fungal genetics and biotech- 
nology had developed quite independently without a direct connection. 
In the 1950s, when fungi were also used for the conversion of biochemi- 
cal compounds (biological conversion), and later in the 1960s, when also 
perfect fungi were included in biotechnology, it became obvious that 
breeding techniques needed improvement. The time was ready to per- 
form strain improvement by making use of the knowledge meanwhile 
accumulated in fundamental research by chromosomal genetics. 

This was achieved by recognizing the value of recombination, now 
using three parameters: mutation, recombination, and selection under 
controlled conditions (concerted breeding, Esser 1977). The general 
procedure is to bring together in one organism, by means of recombina- 
tion, favorable properties found either in wild strains or obtained follow- 
ing mutagen treatment, and then select for favorable strains. 

This is not a new concept; it describes the procedure followed in plant 
and animal breeding for many years. In practice, however, it is more 
difficult than it might seem because in learning how to promote recom- 
bination under controlled laboratory conditions, one must understand 
the breeding system of the fungus concerned (see Sect. 2.a.a). 

This includes a knowledge of the life cycle and the way in which its various steps can be 
handled under laboratory conditions. Recombination occur during the conventional 
sexual cycle or by the alternative parasexual cycle, which is more difficult to manipulate. 
One must also be aware of the various interactions of breeding systems, and it follows 
that a failure in mating cannot necessarily be attributed to a single mating system. This is 
particularly true in crosses between different geographical races. Here, heterogenic in- 
compatibility (see p. 8) may prevent any kind of genetic exchange (sexual and asexual), 
and thus block all efforts to breed. 

Beginning in the 1960s, concerted breeding was successfully applied to 
many perfect and also imperfect yeasts and mycelial fimgi of industrial 
use (Esser 1977). 



b) Extrachromosomal Genetics 

In the 1970s, there was a worldwide feeling that mankind was threatened 
by a protein gap. This encouraged the industry in many countries to 
produce proteins with yeasts, and later with bacteria, on cheap sub- 
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strates, such as alkanes or methanol. This gave a tremendous impetus to 
biotechnology, leading to an increase in the efforts for strain improve- 
ment and also for improvement of fermentation techniques. When a few 
years later there proved to be no protein gap, but only problems in the 
worldwide distribution of proteins, a new ecological consciousness ap- 
peared, which in turn provided another stimulus for biotechnology. In 
addition to its classical field, the exploitation of microbial metabolites, 
bioremediation (biotransformation of waste, soil, and other contami- 
nants) gained increasing attention. Apart from bacteria, yeasts and my- 
celial fungi became to a greater extent desired subjects in biotechnology. 

Since many of the industrially used fungi are imperfect, concerted 
breeding with chromosomal genetics is very time-consuming. Thus, it 
was a convenient coincidence that molecular cloning was ready for in- 
dustrial application. This was also favored by the fact that fungi are 
competent to process and express eukaryotic genes properly. In contrast 
to prokaryotes, they are able to splice mosaic genes and recognize their 
eukaryotic transcription, translation, and in signal sequences. Thus, it is 
not surprising that the past years have seen a worldwide boom in using 
heterologous gene expression for strain improvement in industry and 
agriculture. 

A few examples taken from the comprehensive review of Lemke (1995): 

1. Transfer of a mitochondrion-derived gene from com into yeast mito- 
chondria and demonstrating expression by dysfunction for oxygen 
uptake. 

2. Intergeneric expression of a gene from Acremonium chrysogenum 
introduced into Penicillium chrysogenum, resulting in transgenic 
production of cephalosporin in a penicillin productions system. 

3. Expression in yeast of the bacterial uidA gene by a heat shock pro- 
moter from a higher plant. 

4. Efficient production of murine antibody fragments by Trichoderma 
resesei. 

5. Overexpression of cellulase by multicopy integration of heterologous 
DNA sequences into yeast chromosomes. 

6. Hypersecretion of calf chymosin by Aspegillus sp. by introducing 
relevant signal sequences. 

c) General Importance 

Although the application of recombinant DNA technology was an inno- 
vational approach, it is not likely to replace conventional approaches. 
On the contrary, it is an adjunct to traditional strain improvement by 
chromosomal genetics. Regardless of the experimental basis, individual 
strains will still undergo selection for stability of the desired phenotype. 
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and scale up evolution in the establishment of an economically viable 
biotechnological process. 

Not only the production of primary and secondary metabolites and 
the conversion of chemical compounds (e.g., steroid production) may be 
improved by concerted action of classical and molecular genetics for 
fungal-related activities; also the role of the fungi as waste decomposers 
(e.g., lignin, cellulose) has become evident. Last, but not least, the above- 
mentioned possibility of using fungi for molecular cloning has raised 
their rank in biotechnology and made them indispensable in this do- 
main. 

The message. DNA-mediated gene transfer, the NEW BIOLOGY, has 
not only caused a revolution in fundamental genetics, but in addition, 
opened tremendous perspectives in biotechnology, concerning, for in- 
stance, pharmaceutics, biochemical compounds, bioremediation, and 
last but not least, crops. 



4. Trends in the Future 

What are the perspectives for fungal genetics in the future? Apart from 
promoting more or less intensively the areas which have been already 
influenced by both classical and molecular genetics, according to the 
author's view, there are four topics which have a "future" and are in- 
volved in both fundamental and applied research. 

These areas are: 

1. Mycorrhizae 

2. Host-parasite relations 

3. Intra- and intergenomic gene transfer 

4. Molecular basis of morphogenesis. 

The first two domains are related, because there is no principal differ- 
ence between a peaceful or symbiotic association of a higher plant with a 
fungus for the benefit of both (mycorrhiza) and the infection of a higher 
plant by a pathogenic fungus, leading in many cases to the death of the 
host. In both cases, the prerequisite for the association is recognition. 

Let us recall that host fungus specificity is rather wide in mycorrhizal 
associations, and often very narrow for the fungal plant pathogens, e.g., 
restriction of a rust species sometimes to a single host species. Thus, it is 
most likely that for host-pathogen interaction, some genetic background 
has been made available more recently. That is, a host must have a spe- 
cific genetic constitution concerning a few genes in order to become 
available for infection by the pathogenic fungus. The information that 
there is an interplay with specific genes of the fungal pathogen became 
known much later, when the fungi became accessible for genetic studies. 
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For many years, there was no progress in understanding the peculiar 
relationship. Only quite recently, with methods of molecular genetics 
becoming available, could these problems be activated. In my opinion, 
there are no comparable data known either for higher plant or for fun- 
gus on the molecular basis to establish mycorrhizae. 

Apart from the fact that further elucidation of this interaction be- 
tween quite unrelated living beings is of interest from the point of view 
of fundamental research, it is also of very great importance for applied 
research. Namely, if the recognition system is understood, it should be 
possible to increase the establishment of mycorrhizae in higher plants. 
This should lead to an increase in the economic value of plants, with 
respect to the present worldwide ecological discussion. Further, the 
addition of fertilizers can be drasticaly diminished. 

In a similar way, based on the knowledge or the understanding of the 
recognition system host-parasite, it would be possible by concerted 
breeding to develop resistant plants, leading to higher yield, and also to 
avoid treatments of the plants with herbicides. 

What can and should be done at this juncture? Based on the data of 
classical genetics, the host-parasite system seems to be ready for studies 
with molecular genetics, i.e., transformation of the host by cloned resis- 
tant genes which may be taken either from resistant hosts or from fungi 
not specified on this or that particular host. 

At present, there are some strategies which have yielded noteworthly 
results: 

1. Characterization of molecular signals involved in pathogen recogni- 
tion and of the molecular events that specificy the expression of resis- 
tance (for ref. see Staskawicz et al. 1995). 

2. Targeted disruption of fungal genes involved in phytopathogenicity 
(for ref. see Oliver and Osbourn 1995). 

3. The biocontrol of the chestnut blight fungus Cryptophonetria para- 
sitica was achieved by integrating a cDNA copy of an RNA virus that 
confers hypovirulence (Choi and Nuss 1992). 

With respect to mycorrhizae, at first some classical genetics methods 
need to be employed because, as mentioned above, there is no funda- 
mental genetic model available explaining the onset of this particular 
association. It may be considered as a first step in this direction that a 
bacterially derived gene for hygromycine B resistance was introduced in 
the mycorrhizal fungus Laccaria laccata (Barrett et al. 1990; Lemke et al. 
1991). 

One must not neglect the fact that even if the genetic prerequisite for 
the host/fungus interaction is known on a molecular basis, the mode of 
expression of these genetic traits still remains an open question. For 
instance, in what way are enzyme systems mobilized to encourage the 
fungus after having formed an appressorium to penetrate cuticula and 
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cell wall of the plant? However, quite recently, further progress became 
evident. Harrison and van Buuren (1995) report the first cloning of a 
mycorrhizal phosphate-uptake transporter proposed to function in plant 
phosphate nutrition; and Tyerman et al. (1995) describe the identifica- 
tion of a mechanism for nitrogen accumulation ft’om nitrogen-fixing 
root nodules. 

There is another aspect: does a transfer of genetic material exist from 
fungus to host or vice versa by plasmids or other extrachromosomal 
genetic traits? Since, in addition to the detection of plasmids in fungi 
and higher plants, in both groups of organisms many other extrachro- 
mosomal elements, such as viruses, have been found, this area seems to 
be promising for further genetic research. 

The third domain: the transfer of genetic material seems to be a 
promising area for genetic research in the future. This is supported by 
the fact that, in both fungi and higher plants, plasmids and other ex- 
trachromosomal elements such as viruses and transposons have been 
found. There is also firm experimental evidence for gene transfer be- 
tween the nucleus and cell organelles, as may be seen from Fig. 8 (for 
reference see Kempken 1996). 

In this context some recently published papers are of interest. Foreign 
DNA sequences were received by a wild-type strain of Aspergillus niger 
after coculture with transgenic higher plants (Hoffinann et al. 1994). 
Transfer of genetic information from the mycoparasite Parasitelle para- 




fig. 8. Mobility of extranuclear DNA. There is no doubt that extranuclear genetic ele- 
ments such as plasmids or transposons may migrate from cell organelles into the nu- 
cleus. Also, gene transfer from the nucleus to mitochondria and transfer of tRNAs from 
plasmids to mitochondria was observed. (Courtesy F. Kempken) 
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sitica to its host Absidia glauca was observed (Kellner et al. 1993) and 
the horizontal transfer of a mitochondrial plasmid from the discomycete 
Ascobolus immersus to the pyrenomycete Podospora anserina was shown 
(Kempken 1995). 

Where the fourth domain is concerned: the molecular mechanisms 
underlying genetics and pyhsiology of morphogenesis are poorly un- 
derstood in fungi; fundamental research is required; but again, if the 
principle of differentiation becomes known, the application for practical 
purposes becomes obvious, leading, for instance, to an increase in pro- 
ductivity when yield is linked with morphological genetic differentia- 
tion. 

As mentioned above (p. 17), fungi may serve as model organisms. For 
more than 40 years it has been known that sexual differentiation is un- 
der polygenic control (Esser and Straub 1958). Chromosomal genes were 
identified controlling the different steps of morphogenesis. However, to 
date little is known about the signaling processes involved with fruit- 
body formation. Many signaling molecules affecting hyphal growth and 
differentiation will be present, most probably inducing differential re- 
sponses along diffusive gradients. The cloning and identification of the 
DNA sequences of these genes certainly will create the possibility for 
molecular transformation and also of identifying the gene products re- 
sponsible for single steps of morphogenesis. A first movement in this 
direction are the data concerning the cloning of specific mating-type 
genes which are involved in morphogenesis (see p. 7). For example, 
work with Neurospora crassa and Podospora anserina has shown that 
specific products encoded by genes of the mating-type locus are pre- 
requisites for the completion of sexual reproduction (Picard et al. 1991; 
Glass and Nelson 1994). 

The message. The change of emphasis from classical to molecular ge- 
netics will, also in future, determine the fate of fungal genetics to the 
benefit of both fundamental research and biotechnology. 



5. Conclusion 

This survey shows that fungal genetics is braced to extend its position, 
obtained during the period of classical chromosomal genetics with re- 
spect to fundamental and applied research, into the area of molecular 
genetics. It will thereby contribute not only to a better general under- 
standing, but also to a more skillful manipulation and understanding of 
living beings. 

Fungal genetics is a young discipline in science as compared to bio- 
technology, which is correlated with the beginning of human civiliza- 
tion. It was at first almost exclusively devoted to fundamental research 
and came only during the last two decades into close relation to biotech- 
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nology, when it appeared meaningful to apply chromosomal genetics in 
a concerted manner to improve the production or transformation ca- 
pacities of industrial and agriculturally important fungi. 

A landmark in the young relationship between fungal genetics and 
biotechnology was the discovery of fungal plasmids and their relation- 
ship to mitochondrial DNA. This allowed incorporating also the fungi in 
the concept of genetic engineering, thus making fungal genetics part of 
the new biology. 

In writing this review, I came upon a statement of B. O. Dodge, who 
brought the famous red bread mold Neurospora crassa to the attention 
of geneticists. He said at a meeting of the Mycological Society of America 
held in 1950: "The results as reported are such as would have been unbe- 
lievable ten years ago" (Dodge 1952). This is even more true almost 50 
years later, when we regard the results of fungal genetics. Who would 
have guessed in the early 1950s that at present the fungi play an irre- 
placeable role in both formal and applied genetics and especially in bio- 
technology? 
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A. Structural Botany 

I. Cytology and Morphogenesis of the Prokaryotic Cell 

By Michael Hoppert and Frank Mayer 



1. Morphogenesis and Cellular Differentiation 

a) New Aspects of Shape Determination: 
a Tubulin-Homologue in Bacteria 

During cytokinesis in eubacteria a circumferential invagination of the 
cytoplasmic membrane and the peptidoglycan layer results in partition- 
ing of the cytoplasm in two compartments. The invagination is accom- 
plished by the synthesis of new cell wall material forming a circumfer- 
ential ring at the division site. In rod-shaped bacteria, formation of the 
new cell wall is accomplished by a switch of the active sites of pepti- 
doglycan synthesis, resulting in repression of lateral wall elongation and 
start of septum formation (Nanninga 1991). It is obvious that cell wall 
formation is under precise topological and temporal control (Donachie 
and Robinson 1987). The FtsZ protein occupies a key function during 
septum formation. As deduced from immunolocalization data, FtsZ 
forms a ring at the cell division site which later is the leading edge of the 
invaginating septum (Bi and Lutkenhaus 1991; Lutkenhaus 1993; Zhang 
et al. 1995). FtsZ is highly conserved and widely distributed among 
eubacteria (Gorton et al. 1987; Beall et al. 1988; Margolin et al. 1991; 
Wang and Lutkenhaus 1993) and was also detected in chloroplasts 
(Suzuki et al. 1994; Osteryoung and Vierling 1995). 

It is assumed that the FtsZ ring is formed by self-assembly similar to 
eukaryotic cytoskeletal proteins. Sequence similarities to several regions 
in tubulin (including a GTP-binding motif) and weak GTPase activity 
imply that FtsZ is a prokaryotic cytoskeletal protein that needs GTP for 
self-assembly, analogous to tubulin (de Boer et al. 1992; RayChaudhuri 
and Park 1992; Mukherjee et al. 1993). If tubulin may serve as as "model" 
for the action of FtsZ, a nucleation site for the protein that induces FtsZ 
assembly should be present at the division site on the inner surface of 
the cytoplasmic membrane that corresponds to the tubulin nucleation 
sites that are provided by mictrotubule organizing centers. 

Self-assembly of the FtsZ protein in vitro could be demonstrated by 
Bramhill and Thompson (1994) and Mukherjee and Lutkenhaus (1994). 
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The protein assembles to "protofilaments" with 4-5 nm diameter and, 
upon addition of DEAE-dextrane, to tubular structures about 23 nm in 
diameter, resembling the overall shape and size of microtubuli. Though 
direct electron microscopic detection of FtsZ tubules in the living cells 
has failed so far, tubular fibers of unknown composition were detected 
in several bacterial groups and in Archaeae (Bermudas et al. 1994). 

If DNA replication is blocked, cell division is inhibited by the SulA 
protein (Burton and Holland 1983; Huismann et al. 1984). The inhibitor 
forms a stable complex with FtsZ (Hisgashitani et al. 1994) and prevents 
FtsZ-ring formation, i.e., cell division. Obviously, DNA replication and 
cell division are coupled during the whole cell cycle (Jones and Donachie 
1973; Hiraga et al. 1989). 

Oberservations on different ftsZ mutants suggest that FtsZ acts on 
septal peptidoglycan biosynthesis (i.e., the circumferential growth of the 
septum) by mediation of other proteins (FtsA, PBP3, FtsL, FtsN, FtsQ, 
FtsW; Tormo and Vicente 1984; Tormo et al. 1986; Pla et al. 1990; Dai 
and Lutkenhaus 1992; Dewar et al. 1992; Guzman et al. 1992; Ueki et al. 
1992; Dai et al. 1993; Khattar et al 1994). 



b) "Two-Competing Site" (TCS) Model for Shape Regulation 

These data fit into the framework of a model for shape regulation devel- 
oped during the past years and extensively reviewed by Satta et al. 
(1994), the two-competing site (TCS) model for shape regulation. This 
model suggests a very simple regulatory mechanism in two competing 
reactions, lateral wall elongation and septum formation, that determine 
the size and shape of bacteria. No lateral wall can be formed during 
septum formation and vice versa. When lateral wall elongation over- 
comes septum formation, long rods or filaments are formed and cell 
division is blocked. Hyperactive septum formation leads to organisms 
with a coccoid shape. Both reactions are independent of each other and 
alternate during the cell cycle (Higgins and Shockmann 1971; Schwarz et 
al. 1976). Synthesis of mayor macromolecules (DNA, RNA, proteins) is 
linked to the metabolism of the cell envelope, because expansion of the 
cell surface is necessary for newly synthesized macromolecules to find 
enough space inside the cellular compartment. 

The proposed model suggests that this regulatory mechanism could 
have evolved at a very early stage of cellular evolution; it is simple and, 
nevertheless, provides a framework for rather complex reactions that 
were developed later during evolution. 
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c) Caulobacter crescentus as Model Organism 
for Cellular Differentiation 

During the past few years, Caulobacter has become a model organism 
for ceUular differentiation, because the organism undergoes asymmetric 
cell division (Brun et al. 1994; Gober and Marques 1995; Marczynski and 
Shapiro 1995, and references therein). One of the daughter cells is a 
motile swarmer that possesses a single flagellum and several pili at one 
pole (swarmer cell), the other is a nonmotile, stalked cell. In stalked 
cells, DNA replication reinitiates immediately after cell division; these 
cells essentially function as stem cells for generation of new swarmer 
cells; in swarmer cells DNA replication is stopped for a period of time. 
Then, eventually, the flagellum is released, pili are lost, DNA replication 
starts, and a stalk is synthesized. At the opposite cell pole, a flagellum 
and a chemosensory apparatus are formed: the stalked cell produces the 
progeny swarmer cell. Asymmetric distribution of the proteins that are 
used to build these two distinct cells is controlled in part by a regulatory 
hierarchy of transcription of their genes, influenced by cell-cycle events 
such as chromosome replication and cell division (references see below). 

Because cultures of C. crescentus can easily be synchronized, the 
mechanisms that control polar morphogenesis can be examined in in- 
dividual cell types throughout the cell cycle. Some features of the unique 
Caulobacter cell differentiation are highlighted below. 



a) Chemotactic Machinery 

The components of the chemotactic system of C. crescentus are similar 
to those in enteric bacteria and consist of a methyl-accepting membrane 
receptor (McpA) as well as cytoplasmic components required for signal 
transduction to the flagellar motor (Lukat et al. 1993; Parkinson 1993). 
They are expressed in the predivisional stalked cell. McpA is localized to 
a discrete area of membrane at the flagellated cell pole, as revealed by 
immunofluorescence microscopy and immunogold electron microscopy 
(Alley et al. 1992, 1993). Thus, the swarmer cell inherits McpA from the 
predivisional cell (Alley et al. 1992). Polar localization is determined by a 
domain in the carboxy terminus (HCD) which is highly conserved 
among all chemoreceptors that have been analyzed, including the 
C. crescentus McpA (Alley et al. 1992). If the carboxy- terminal domain is 
deleted, the protein is not localized to the pole of the cell (Alley et al. 
1992, 1993). The chemoreceptors are proteolytically degraded when the 
swarmer cell differentiates into the stalked cell. Later in the cell cycle, it 
reappears after reinitiation of its synthesis in the predivisional cell. A 
small deletion of 14 carboxy- terminal amino acids from the McpA pre- 
vents the degradation during the swarmer-to-stalked cell transition. 
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Therefore, the chemoreceptor is then localized to both poles of the 
predivisional cell. From these experiments, the turnover of Ae chemore- 
ceptor is thought to be as follows: first, the protein is synthesized in both 
halves of the predivisional cell and targeted to both cell poles before a 
cell division barrier has formed between the swarmer cell and stalked 
cell. The McpA is then degraded at the stalked cell pole by an unidenti- 
fied protease just before cell division. Thus, localized proteolysis may 
help to maintain asymmetry in the C. crescentus cell (Alley et al. 1992). 



P) Assembly of the Flagellum 

The order of expression of the flagellar structural components closely 
follows the order of their assembly in the predivisional cell. Extensive 
investigation of flagellar gene expression revealed a regulatory network 
analogous to the networks in Escherichia coli and Salmonella ty- 
phimurium. 

Most flagellar genes can be grouped into four classes (three classes in 
E. coli and S. typhimurium; see references in Mayer and Hoppert 1995) 
of a transcriptional regulatory hierarchy (Bryan et al. 1984; Ohta et al. 
1985; Champer et al. 1987; Hahnenberger and Shapiro 1987; Newton et 
al. 1989; Xu et al. 1989; Ramakrishnan et al. 1994; Anderson et al. 1995; 
Zhuang and Shapiro 1995). The initiation of the hierarchy depends on 
cell-cycle events (possibly DNA replication; see Dingwall et al. 1992; 
Stephans and Shapiro 1993; Stephens et al. 1995) mediated by Class I 
gene products (coding for a hypothetical regulatory sigma factor). Class 
II gene products encode regulatory and structural proteins necessary for 
the early stages of flagellum assembly (such as the M ring of the flagellar 
motor) and are, therefore, transcribed early in the pathway of flagellum 
assembly. Class III and Class IV gene products encode more distal 
structures (such as the L ring) and the monomers of the filament 
(flagellin), and are transcribed later in this pathway. Expression and 
presumably assembly of the earlier gene products are required for the 
expression of genes that encode later flagellum structures (similar to 
E. coli, see Hughes et al. 1993; Mangan et al. 1995). 



y) Regulation of Cell Division and Biosynthesis of Cell Appendages 

The stalk is an extension of the cell envelope, containing the outer and 
inner membrane and peptidoglycan (Poindexter and Cohen-Bazire 1964; 
Haars and Schmidt 1974). 

Obviously, stalk biosynthesis and cell division are related events. Cell 
division proteins play a dual role in stalk biosynthesis and cell division 
(Terrana and Newton 1976; Osley and Newton 1977; Huguenel and 
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Newton 1982; Koyasu et al. 1983; Hecht and Newton 1995). As deduced 
from mutant analyses, the product of the pleC gene is involved in the 
regulation of biosynthesis of stalks, pili and flagella (Fukuda et al. 1981; 
Ely et al. 1984; Sommer and Newton 1989; Wang et al. 1993). The divj- 
gene product takes part in regulation of cell division. Both gene products 
are very likely to be sensor proteins (belonging to the class of histidine 
protein kinases) that are parts of a protein phosphorylation signal 
transduction pathway involved in coupling polar differentiation and cell 
division and act on the pleD- and divK-gene products as response regu- 
lators of the pathway (Ohta et al. 1992; Wang et al. 1993, Hecht et al. 
1995; Hecht and Newton 1995). These pathways are known as two- 
component signal transduction systems (reviewed in Lane et al. 1995). 

FtsZ (see above) first appears at the time of initiation of stalk biosyn- 
thesis, and its level is highest during cell division. Constitutive expres- 
sion of FtsZ in mutants results in abnormally long and often bifurcated 
stalks (Brun et al. 1994). 



8) Control of Chromosome Replication 

Upon cell division, the progeny stalked cell immediately initiates DNA 
replication, whereas the chromosome that partitions to the progeny 
swarmer cell is unable to initiate DNA replication until later in the cell 
cycle, before its differentiation into a stalked cell. 

Recent investigations focus on replication control and C. crescentus 
origin of replication (Cori; O’Neill and Bender 1988; Yoshikawa and 
Ogaswara 1991; Marczynski and Shapiro 1992). The Cori contains se- 
quence elements that are similar to those found in E. coli, but also 
unique sequences that are not present in other bacteria. The origin of 
replication overlaps with two promoters (strong/weak) of a heme bio- 
synthetic gene. It is known that the strong promoter is repressed only at 
the swarmer pole of the predivisional cell and remains inactive in the 
nascent swarmer cell but is active in the nascent stalked cell (Marczynski 
and Shapiro 1995 and references therein). 



2. New Aspects of Cellular Compartmentation: 

Influence of Membraneous Compartments on Enzyme Activity 

A new concept of "functional" (in addition to "structural") compartmen- 
tation provided by membranes in bacterial cells was proposed by Mayer 
and Hoppert (1996). In artificial membrane systems, where soluble cy- 
toplasmic enzymes are forced to stay close, but not attached, to mem- 
brane surfaces, their enzymatic activity and thermostability are mark- 
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edly enhanced (Hoppert et al. 1994). These membrane systems are re- 
versed micelles consisting of small droplets of water (of some nanome- 
ters in diameter) surrounded by one layer (no double layer) of am- 
phiphilic molecules (directed with their polar parts to the water pool). 
These micelles are floating in an organic solvent matrix material (Luisi 
and Magid 1986). 

The micelle represents a microcompartment where soluble enzymes 
are surrounded by a thin water layer between the protein surface and the 
inner surface of the micelle. The thickness of the layer can be varied by 
variation of the water content of the microemulsion. An optimal thick- 
nes (i.e., an optimal distance between the inner surface of the micelle 
and the surface of the enzyme molecule) is necessary for maximum 
actvity and thermostability of the enzyme (Hoppert et al. 1994, see 
Khmelnitsky et al. 1989 for review). 

These experimental findings, together with theoretical considerations 
confirmed by spectroscopical methods, imply that water structure inside 
reversed micelles is very different from free water, but similar to water in 
cellular compartments (Seno et al. 1980; Boicelli et al. 1982; Tsujii et al. 
1983; Walde et al. 1988; Khmelnitsy et al. 1989; Wiggins 1990 and refer- 
ences therein; Mayer and Hoppert 1996). It may be deduced that the 
water inside the reversed micelle influences protein structure and func- 
tion similarly to water inside cellular compartments, adjacent to biologi- 
cal membranes. The investigations lead to the assumption that the 
structure of the water inside a reversed micelle and, hence, in vivo, has 
an important regulatory effect on enzyme function. The functional com- 
partmentation is very likely to be an important feature for enzymes that 
are located close to membranes (cytoplasmic membrane, outer mem- 
brane) or in narrow membraneous compartments (periplasmic space, 
thylakoids). 



3. New Aspects of the Structure of Polyhydroxyalcanoic Acid 
(PHA) Granules 

Bacterial PHAs are storage polyesters occurring as inclusions in various 
eubacterial groups. Recent aspects of structure and biochemistry of PHA 
granules were reviewed by Steinbuchel et al. (1995). As documented by 
several investigations, about 2% of the granule mass is contributed by 
proteins (Griebel et al. 1968) that are located at the surface of the granule 
(see references in Steinbuchel et al. 1995), obviously in a highly ordered 
two-dimensional array (Stuart et al. 1995). From these proteins, the en- 
zymes PHA synthase and PHA depolymerase and a new group of struc- 
tural proteins, phasins, where investigated in detail. 

PHA synthases become bound to the PHA granule upon setup of PHA 
biosynthesis (Haywood et al. 1989; Gerngross et al. 1993; Liegergesell et 
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al. 1994). The enzymes catalyze the polymerization of the PHA mono- 
mers (e.g., hydroxybutyryl-CoA) to the respective polymer (e.g., polyhy- 
droxybutyric acid, PHB), consisting of approximately 35 000 monomeric 
units (Steinbiichel et al. 1995). Primary structure of PHA synthases is 
highly homologous amoung the various bacterial species tested so far 
(21.0-87.3% identity; Steinbuchel et al. 1992; Schembri et al. 1994). 

PHA depolymerases are responsible for PHA remobilization of the 
accumulated polyesters. Binding to PHB granules was demonstrated by 
Hippe and Schlegel (1967), Griebel et al. (1968), Griebel and Merrick 
(1971) and Saito et al. (1992). Whereas extracellular degradation of PHA 
(given as exogenous substrate) is well studied, very little is known about 
depolymeration of intracellular PHA. Since intracellular PHA is highly 
amorphous, but crystallized rapidly after cell lysis and contact to the 
environment (Horowitz and Sanders 1995 and references therein), two 
enzymes are necessary for depolymerization of the two different poly- 
mer phases. Therefore the extracellular PHA depolymerases differ mark- 
edly from the intracellular enzymes (Huisman et al. 1991; Timm and 
Steinhiibel 1992; Jendrossek et al. 1995; Tomasi et al. 1996). 

In oilseed plant cells, oleosins represent a class of structural proteins 
consisting of a hydrophobic core and two amphipathic domains: the 
molectiles cover the surface of the hydrophobic triacyglycerol inclusion 
with their amphipathic domains orientated towards the cytoplasm and 
the hydrophobic core located in the inclusion (Huang 1992; Murphy 
1993). Possible candidates for analogous PHA granule-associated pro- 
teins (termed phasins) were discovered in Alcaligenes eutrophus and 
Rhodococcus ruber (Pieper-Fiirst et al. 1994, 1995; Wieczorek et al. 1995). 



4. Macromolecular Structures of the Cell Envelope 
a) New Aspects of S-Layer-Structure 

S-layer lattices are very common surface structures of prokaryotic cells. 
Identical S-layer subunits form regular two-dimensional paracrystalline 
arrays which exhibit p2, p3, p4, or p6 symmetry. S-layers may not only 
be involved in shape maintenance or molecular sieve function (Messner 
and Sleytr 1992; Sleytr et al. 1993 and references therein), but may also 
serve as holdfasts for various extracellular enzymes. 



a) S-Layer as Adhesion Site for Polymer-Degrading Exoenzymes 

Outer surface proteins as binding sites for the extracellular cellulolytic 
multienzyme complex (cellulosome) were described for Clostridium 




46 



Structural Botany 



thermocellum (Fujino et al. 1993; Salamitou et al. 1994a, b). ORF3p 
(renamed OlpA), a surface protein of Clostridium thermocellum, exhibits 
(non-covalent) interaction with CipA (Fujino et al. 1992, 1993). CipA 
mediates docking to the cellulosome by the action of nine receptor do- 
mains that fit to catalytic cores of the cellulosome. Three S-layer homo- 
logue (SLH) domains of ORF3p are very likely to be integrated into the 
S-layer lattice of Clostridium thermocellum (Fujino et al. 1993; Lemaire 
et al. 1995). According to the current model, the receptor domains of 
CipA serve as a scaffolding component that keeps the catalytic cores of 
the cellulosome lined up in a way that enables quasi-simultaneous, mul- 
tiple cutting events along a bound cellulose chain (Mayer et al. 1987; 
Fujino et al. 1993). 

The puUulanase of Thermoanaerobacterium thermosulfurigenes is lo- 
cated in the cell periphery (Specka et al. 1991). A working model similar 
to that described for the cellulosome was proposed for attachment of 
this enzyme to the cell surface (Matuschek et al. 1994). The C terminus 
of this enzyme contains three domains which exhibit high similarity to 
S-layer proteins and may anchor in the S-layer lattice. The catalytic do- 
main (hydrolyzing a- 1,4- and a-l,6-glycosidic linkages) of the enzyme is 
located in the N-terminal half of the molecule. 

A high-molecular-weight amylase of Bacillus stearothermophilus is 
located on the outer face of the S-layer lattice. Obviously, this protein is 
not integrated into the S-layer lattice as decribed for the puUulanase, 
because S-layer-like domains are absent in the amylase. It was suggested 
that the protein binds to domains either located on the surface of the 
lattice or inside the pores of the S-layer units (Egelseer et al. 1995). 

The attachment of a highly thermostable protease to an unusual S- 
layer of Staphylothermus marinus is mentioned below (see Sect. 3.b.y). 



p) S- Layers as Molecular Sieves and ImmobUization Structures 
for Macromolecules 

Some biotechnological applications of crystaUine surface layers are cur- 
rently being developed (Messner and Sleytr 1992; Sleytr et al. 1994). 

Since S-layers in situ act as molecular sieves for the bacterial ceUs, 
they may be used as ultrafiltration membranes with a weU-defined mo- 
lecular weight cut-off. Single (or multiple) S-layer lattices are used with a 
microfiltration membrane as mechanical support. It is advantageous 
that a highly ordered S-layer lattice provides pores of exactly the same 
size and shape (Sleytr and Sara 1986; Sdra and Sleytr 1987a, b). 

S-layers themselves may be used as mechanical support for lipid bi- 
layers. Since most archaebacterial S-layers are associated with the under- 
lying cytoplasmic membranes, they may be used as support films for 
artificial membranes, in particular for surfactant layers or Langmuir- 
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Blodgett films that may function as hyperfiltration membranes (Sleytr 
and Sdra 1986). Functional molecules such as proton pumps or receptor 
molecules incorporated in Langmuir-Blodgett films may extend the 
application potential to novel enzyme-based biosensors. An application 
example for an S-layer-based biosensor for sucrose is presented by 
Neubauer et al. 1994. 

S-layer protein from Bacillus coagulans, recrystallized on positively 
charged liposomes, may serve as matrix for the covalent binding of mac- 
romolecules (Ktipcii et al. 1995). Since liposomes have a broad applica- 
tion potential as carriers and drug delivery systems, the possibility for 
modulating the surface properties may allow a more effective binding of 
the carrier system to target cells. 

Immobilization of enzymes on S-layer surfaces was tested for various 
applications. In these cases, it is advantageous that the immobilized en- 
zymes are attached in highly ordered two-dimensional arrays on the 
geometrically well-defined S-layer surface. Haptens, immunogenic or 
immunostimulating agents attached to S-layers, are potent vaccines be- 
cause of the immunostimulating properties of bacterial outer surface 
layers (Sleytr et al. 1987; Messner et al. 1991). In several applications, S- 
layers are used as matrix for coupling of macromolecules applied in af- 
finity purification procedures of antibodies (Weiner et al. 1994a, b). 



b) Two Unusual Filamentous Proteins of the Cell Envelope 
a) Tetrabrachion 

The S-layer of Staphylothermus marinus exhibits unique structural fea- 
tures: it consists of a poorly ordered meshwork of glycoprotein struc- 
tures resembling dandelion seed heads (Peters et al. 1995). The molecule 
(tetrabrachion) consists of a filamentous stalk of 70 nm in length that 
ends in four filamentous arms of 24 nm in length. In vivo, these stalks 
represent the outside of the surface layer lattice and are laterally con- 
nected to each other. At half of the length of the long filamentous stalk, 
two globular particles exhibiting protease activity are attached (another 
example for S-layer-connected enzymatic activity; see above). The highly 
thermostable enzyme is very likely to be involved in peptide fermenta- 
tion of the organism. The isolated tetrabrachion molecules assemble to a 
poorly ordered two-dimensional network or to micelles. 

Filamentous S-layers in bacteria are rare and have, up to now, not 
been studied in detail (Wildhaber and Baumeister 1987; Austin and 
Murray 1990). Extreme thermal stability in the presence of denaturants 
reflects unique structural features of the filaments (Peters et al. 1995; see 
below). 
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p Ompa 

The outer membrane protein Ompa spans the periplasmic space of 
Thermotoga maritima. The organism is of special interest because it 
belongs to the only eubacterial family of hyperthermophilic organisms 
that form the earliest branch in the eubacterial kingdom (Burggraf et al. 
1992). The molecule bears a globular head part 8 nm in diameter and a 
rod-shaped tail 40 nm in length. Ompa acts as a spacer protein: the 
globular part of the protein is believed to anchor in the peptidoglycan 
layer, whereas the filamentous domain ends in a transmembrane seg- 
ment that anchors the molecule in the outer membrane. The wide peri- 
plasmic space of about 50 nm is a unique feature of the organism (Engel 
et al. 1992). Similar to tetrabrachion, the molecule is rigid and extremely 
thermostable. 

If is likely that the thermostability of both proteins, tetrabrachon and 
Ompa, is influenced by the folding of their polypeptide chains. The long 
filaments are built up by four coiled strands of a-helical rods (coiled 
coils). It is very likely that the thermostability of both proteins is influ- 
enced by the four-stranded nature of the protein molecule, since other 
protein molecules consisting of two or three coiled coils are much less 
stable (Lupas et al. 1995). 
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II. Cell Morphogenesis of the Algae: 

Cell Coverings and Extracellular Mucilage 

By Diedrik Menzel 



1. Introduction 

Algae and photoautotrophic protista have evolved a tremendous diver- 
sity of cell shapes and richness in intracellular architectur. Publications 
dealing with this subject have steadily increased over the last 3 years, 
reflecting the continuing efforts to document this diversity on the light 
and electron microscopic levels. Consequently, many new ^gal and pro- 
tistan organisms have been discovered or species have been redescribed 
in greater detail, which has led to a further refinement of our concepts of 
cell architecture and added new examples to the collection of cell types 
that are potentially interesting for the study of cell morphogenesis. 
While most of this work cannot be covered here, several recent reviews 
may be helpul in further exploring this area of research: 

Microalgae ultrastructure including cyanobacteria and Prochlorophyta (Berner 1993), 
microalgal-invertebrate symbiosis (Trench 1993), phototaxis in flagellate algae (Kreimer 

1994) , plant hormones in algae (Jameson 1993), seaweed tissue culture (Aguirre- 
Lipperheide et al. 1995), karyology of marine green algae (Kapraun 1993), Prasinophy- 
ceae (Sym and Pienaar 1993; Steinkotter et al. 1994), Desmidiaceae (Gerrath 1993), Caul- 
erpa (Jacobs 1994), Acetabularia (Bannwarth and Kremer 1993; Menzel 1994), Chara 
cytoplasmic streaming and electrophysiology (Shimmen and Yokata 1994; Shimmen et 
al. 1994), unicellular red algae (Broadwater and Scott 1994); cell wall polysaccharides in 
red algae (Cosson et al. 1995), Phycobiliproteins (Rudiger 1995), Chaetopeltidales 
(O’Kelly et al. 1994); diatoms (Medlin et al. 1993); haptophyte algae (Green and Lead- 
beater 1994), crypomonad periplast (Brett et al. 1994), crypomonad evolution (Douglas 
1993), cryptophyte secondary endosymbiosis (Hauber et al. 1994; McFadden and Gilson 

1995) . 

Until recently, the information gathered in cell structure studies has 
largely been used to understand phylogenetic relationships among algal 
groups. However, with the advance of molecular techniques, more pow- 
erful tools have become available for gathering phylogenetically mean- 
ingful data by directly comparing gene sequences. These initially com- 
plemented, but are now greatly extending the existing structural infor- 
mation used for phylogeny studies (see Melkonian 1996 for recent re- 
view). Accompanying this is a gradual shift in the emphasis of cell 
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Structure studies on algae towards addressing structure function rela- 
tionships rather than just describing the ultrastructural features of a cell. 
In this chapter, emphasis will be placed on the composition, struc- 
ture, and formation of extracellular matrix substances and solid or 
sculptured cell coverings, and the question will be explored as to how the 
interaction between the plasma membrane and these extracellular ma- 
terials may influence cell shape and cell behavior. 



2. Cell Locomotion and Adhesion 

Extracellular matrix substances are proteinaceous and carbohydrate 
biopolymers that are made by the cell not only for building a protective 
casing around it and as a means to control the exchange of substances 
with the external medium, but are secreted also to aid cells in their ex- 
ploration of the environment and finding or fixing themselves to posi- 
tions in space which promise the most favorable conditions for survival 
and reproduction. Thus, several algal groups have evolved locomotory 
mechanisms in addition to flagellar beating, ameboid crawling, and 
other methods of cellular movement. Two different mechanisms of lo- 
comotion by means of secretion will be considered in greater detail. One 
is based on the forceful extrusion of rapidly hydrating biopolymers, 
providing the propulsive force for movement (see Sect. 2.a), the oAer ist 
rather more sophisticated (see Sect. 2,b), It also involves secretion of 
biopolymers, but in contrast to the former, the polymeric molecules 
remain anchored to the outer face of the plasmamembrane, and as they 
adhere to solid substrata outside the cell, they are being moved in the 
plane of the plasmamembrane by the internal cytoskeletal machinery. 



a) Desmid Gliding and Rising 

Placoderm desmids glide along solid surfaces by the extrusion of muci- 
lage through cell wall pores. The mucilage consists of acidic polysaccha- 
rides rich in glucuronic acid and fiicose. Direction and speed of move- 
ment are probably controlled by external stimuli such as light and nutri- 
ent concentration, and unidirectional movement should require conti- 
nous extrusion of mucilage from only one cell pole. This has now been 
visualized directly with a polyclonal antibody raised against the extracel- 
lular mucilage collected from Closterium cultures. Even though mucilage 
can be stained by conventional dyes such as ruthenium red, immunola- 
beling provided a superior image of the mucilage trails laid down during 
locomotion. Rogers-Domozych and coworkers (1993) demonstrated that 
mucilage was indeed extruded from only one cell pole during phases of 
unidirectional movement, whereas secretion began at the opposite pole 
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as well as soon as a cell collided with a solid object or another cell. This 
led to parallel alignment of the cells and the formation of tangles of 
mucilage strands. 

The principal mucilage secretion pole is apparently predetermined at 
the termination of cytokinesis, because it was shown that secretion is 
restricted to the young expanding semicell in each of the daughter cells, 
causing them to migrate away from one another after division. Interest- 
ingly, chlorotetracyclin (CTC) fluorescence, which is regarded as a spe- 
cific label for membrane-bound calcium ions, was restricted to the 
young semicells shortly after cytokinesis, and later to the slime- 
producing pole in mature cells, suggesting that membrane-associated 
Ca^"^ may be important for the promotion of secretory vesicle fusion at 
this pole. Origin and distribution of mucilage vesciles have been studied 
on the fine structural level by the same authors (Domozych and Rogers- 
Domozych 1993), employing freeze substitution and postsectioning im- 
munogold methods with the antimucilage antibody. It was thus demon- 
strated that mucilage vesicles split off the trans-Golgi cisternae of nu- 
merous dictyosomes located in the longitudinal chloroplast groves and 
associate with microtubules (MTs) in the subplasma membrane region 
of the cytoplasm. Vesicles appeared to empty their load into the extracel- 
lular space at the location of the polar cell wall pores. Association of the 
secretory vesicles with MTs should suggest an MT-based transport 
mechanism; however, as noted by the authors, vesicle transport in 
desmids has been described as an actin-based process, and in support of 
this notion, they describe preliminary findings indicating that vesicle 
movement in Closterium is stopped by cytochalasins. It, therefore, re- 
mains unknown whether MT association of these vesicles serves a spe- 
cific function. 

Members of the genus Micrasterias also move by directional gliding 
on the substratum, but, in addition, they are capable of performing an 
orientation movement in response to supraoptimal light irradiation. In 
the course of this process, the cells lift themselves from the support to 
become oriented more or less perpendicular to the direction of light to 
evade photobleaching. Nossag and Kasprik (1993) demonstrated that 
cells of Micrasterias thomasiana sense the direction of blue light by a 
flavoprotein-like receptor. Little is known as yet of the mode of this type 
of mucilage secretion and its biochemical composition. It is possible, as 
suggested by Nossag and Kasprik, that the principal mechanism is simi- 
lar to that operating during gliding, except that the extruded material 
might gel faster and become harder in order to build a stable holdfast. 
However, it remains a puzzle as to how cells manage to recline back to 
the horizontal plane, when light conditions return to normal. 
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b) Diatom Gliding and Stalk Formation 

Pennate diatoms move along the substratum by a mechanism compara- 
ble to that in the desmids, except that for accomplishing horizontal 
gliding, mucilage is usually not extruded through pores at Ae cell poles 
but through the raphe slits. Since the pioneering work by Edgar and 
Pickett-Heaps (1984), who proposed an actin-based mechanism for 
vectorial displacement of extruded mucilage threads along the raphe, 
there has been little further progress on this fascinating type of locomo- 
tion. 

The finding that direction, speed, and duration of diatom movements 
are modulated by environmental factors prompted Cohn and Dispart! 
(1994) to quantitatively characterize the effects of a few key parameters 
such as pH, calcium ion concentration, and osmolarity in the external 
medium in two species of freshwater diatoms. The reaction to variations 
in pH resulted in an optimum curve for both species, Craticula being 
more tolerant than Nitzschia. However, external calcium ions were not 
required for locomotion, in contrast to earlier observations on marine 
diatoms. This was taken as an indication that freshwater diatoms rely on 
internal stores of Ca^"^ for regulation of motility, whereas marine species 
utilize external Ca^^ stores. Raising the osmolarity above 50 mOsM led to 
sharp decline in motility, which was surprising, because plasmolysis was 
not observed below 100 mOsM. In order to interpret these data, it will be 
necessary to determine whether under these conditions mucilage extru- 
sion was blocked or whether mucilage displacement along the raphe was 
inhibited. 

Recently, Hoagland et al. (1993) summarized the current state of our 
knowledge on diatom mucilage secretion. In particular, they drew atten- 
tion to the fact that many diatom species can lift their cells upright just 
like desmids. This process is aided by the extrusion of mucilage from the 
end of the raphe, but, unlike the situation found in surface-gliding dia- 
toms, the extruded material builds up and forms a holdfast of variable 
length, often growing out into elongate stalks, so that the cell becomes 
lifted up well above the level of the substratum. The stalk material may 
contain p -linked xylogalactans sulfated on C-4 of the galactosyl residue, 
but neutral residues such as fucosyl may also be present, and proteins 
have been found as well (stated in Hoagland et al. 1993). This material 
gels readily in the presence of high calcium, but the rather high concen- 
trations of calcium necessary for gelation renders it unlikely that this is 
the natural chemical basis for mucilage solidification during stalk for- 
mation. Johnson and Hoagland (1995) recently pointed out that stalk 
formation in Achnathes longipes requires bromide. Iodide, on the other 
hand, inhibits insoluble polymer formation but not the secretion of 
soluble polysaccharides into the surrounding medium. This, and the fact 
that sulfate is required and cannot be replaced by methionine, led John- 
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son and Hoagland (1995) to postulate the involvement of a bromoper- 
oxidase that catalyzes sulfate linkages possibly involving penolic com- 
pounds between neighboring polymer chains. It is speculated that this 
mechanism could be of widespread significance in the algae. In concor- 
dance with this speculation, Vreeland et al. (1993) have recently reported 
on a vanadate peroxidase as a possible functional element involved in 
wall adhesion of Fucus zygotes. 



3. Cell Surface Modification and Cell-Cell Recognition 

Reproductive success in eukaryotes depends on the ability of their gam- 
etes to track down (or attract) gametes of the opposite mating type. Al- 
gae have developed a variety of cell appendages that increase their effi- 
ciency in exploring their environment and at the same time increase 
their chances of encountering a mating partner. Physical encounter be- 
tween plus and minus gametes is usually followed immediately by a rec- 
ognition event which is instrumentalized by cell surface molecules. The 
function of these molecules is to specifically bind to the matching set of 
molecules on the surface of the mating partner. 



a) Sexual Agglutination and Surface Motility in Chlamydomonas 

In gametes of the green flagellate Chlamydomonas, recognition and 
binding is mediated by a class of glycoproteins, termed sexual aggluti- 
nins, located on the outer face of their flagella. Formation, structure, and 
function of sexual agglutinis have been studied intensively for many 
years and have recently been summarized by Musgrave (1993) and van 
den Ende (1994). 

In response to attachment between gamete flagella, the agglutinin 
molecules become transported in the plane of the membrane towards 
the flagellar tip (Goodenough et al. 1993). Possibly the same motile ma- 
chinery involved in this reaction (flagellar tipping) could be responsible 
for a type of whole-cell locomotion in vegetative Chlamydomonas cells 
referred to as flagellar gliding (Bloodgood 1992). The principle of the 
underlying mechanism is thought to involve a vectorial force generated 
inside the flagellum that is transduced to the outside, i.e., a high molecu- 
lar weight transmembrane glycoprotein adheres to the substratum by its 
carbohydrate side chains on the outer side of the membrane, while it is 
being translocated along the axonemal MTs on the inside of the mem- 
brane. Depending on environmental stimuli, Chlamydomonas cells, can, 
therefore, make the choice of swimming by flagellar beating or attaching 
with one flagellum or both flagella, spread out at 180°, to the substratum 
and engage in gliding motility. The idea has, therefore, been developed 
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(see Bloodgood and Salomonsky 1994), that the flagellar membrane 
surface plays the role of a sensory receptor coupled to an intracellular 
motilitiy machinery in order to enable the cell to respond to environ- 
mental cues in an appropriate way. 

The versatility of the flagellar surface motility mechanism in Chlamy- 
domonas is demonstrated if polystyrene beads are attached to the flagel- 
lar surface. The beads become transported along the surface in a bidi- 
rectional fashion. This type of locomotory activity seems to carry on 
even in the absence of beads. Using video-enhanced light microscopy, 
Kozminski et al. (1993) have detected granule-like particles moving bidi- 
rectionally along the length of the flagella (intraflagellar transport = IFT) 
in a Chlamydomonas mutant with paralyzed flagella. Fine structural 
examination of the flagella revealed linear aggregates of lollipop-shaped 
electron-dense projections sandwiched between the flagellar membrane 
and the axonemal MTs. Many of these aggregates, termed rafts, can be 
seen in a single longitudinal section through a flagellum. The function of 
the rafts coxild be seen in providing supply for axonemal assembly to the 
tip region of the flagella and at the same time supporting surface motil- 
ity. 

In a subsequent study, the authors presented evidence that these rafts 
are identical with the moving granule-like particles seen in the light mi- 
croscope. This was done by performing the fine structural analysis (i.e, 
longitudinal serial sectioning through the flagellum) on the same speci- 
men that had previously been observed by video-enhanced microscopy 
(Kozminski et al. 1995). In the same study, they make use of aflalQ mu- 
tant of Chlamydomonas which at the restrictive temperature displays 
flagellar instability (flagella shorten). Because theflalO locus encodes a 
kinesin-like molecule, it was reasonable to assume that it could be in- 
volved in the transport of the rafts, if they were indeed involved in pro- 
Auding supply for flagellar assembly. Examination by video-enhanced 
microscopy of a double mutant /la 10/p/i which carried the temperature 
sensitive FLA 10-mutation and was also paralyzed, revealed that trans- 
port of attached polystyrene beads and IFT both ceased after a shift to 
the restrictive temperature. Immunogold localization of the FLAIO 
kinesin with a specific antibody labeled the region between the outer 
doublet MTs in the axoneme and the plasmamembrane, indicating that 
of the half-a-dozen kinesin-like proteins known to occur in the Chlamy- 
domonas flagellum, only FLAIO is at the correct location to support raft 
motility. The motor domain of FLAIO is at the N-terminus as in other 
plus-end-directed kinesins. It would, therefore, be suited to mediate 
transport of the rafts/beads to the flagellar tip. Because raft/bead motil- 
ity is bidirectional, a second as yet unknown motor would be required 
for retrograde transport. 
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b) The Haptonema and Cell Surface Phenomena 
in Prymnesiophyte Algae 

Several of the phenomena associated with haptonema behavior are 
reminiscent of those seen in the Chlamydomonas flagella. The hap- 
tonema is a third filiform appendage, inserted between the two basal 
bodies at the apical pole of members in the class Prymnesiophyceae. In 
most cases, the haptonema is long and flexible. It can either be extended 
forward as a straight filament, often laterally gliding along the substra- 
tum, or it can coil and become retraced back to the cell body. The shaft 
of the haptonema contains six or seven cylindrically arranged MTs typi- 
cally surrounded by a fenestrate membrane cisterna (Gregson et al. 
1993b). In all cases studied so far, the haptonema is connected to the 
basal bodies by various types of fibers: recent examples of that arrange- 
ment can be seen in Chrysochromulina acantha (Gregson et al. 1993a), 
C. brevifilum (Birkhead and Pienaar 1994a), C. sp. (Birkhead and Pi- 
enaar 1995a), C. simplex (Birkhead and Pienaar 1995b) and Prymnesium 
nemamethecum (Birkhead and Pienaar 1994b). This complex structural 
relationship between the base of the haptonema and the basal bodies 
and adjacent rootlet components should predict a rich repertoire in 
motile behavior of the haptonema. 

Fine structural examination of extended and coiled states in Chryso- 
chromulina acantha and C. simplex suggests that subsets of the core MTs 
glide along one another during the coiling reaction (Gregson et al, 
1993b), even though individual MTs in the haptonemal core do not show 
as nearly a strict spatial relationship as do doublet MTs in the flagellar 
axoneme. There is also clear evidence for the presence of some sort of 
structural cross-bridges betweeen adjacent MTs, particularly in the 
coiled configuration, although these bridges are much fainter than, for 
instance, the dynein cross-bridges in the axoneme. These observations 
are in agreement with the assumption that some sort of a MT-gliding 
mechanism is responsible for haptonema coiling, even though there is 
still much to be learned before we know exactly how it operates. 

Gregson et al. (1993b) presented preliminary evidence for the re- 
quirement of Ca^"^ in the coiling reaction; however, the suspected role of 
the circumferential haptonemal cisterna in sequestering and releasing 
Ca^"^ has not conclusively been demonstrated. This line of research has 
recently been further extended by Kawachi and Inouye (1994) using 
Chrysochromulina hirta as model organisms. As in other Chryso- 
chromulina species, coiling of the haptonema can be induced by me- 
chanical stimulus such a tapping on the microscope stage. This provided 
a simple assay to test the effect of Ca^"^ ionophores and inhibitors inter- 
fering with Ca^^^-induced signaling processes. These experiments showed 
that both influx of Ca^^ through the plasmamembrane and release of Ca^"^ 
from internal stores was required to elicit the coiling reaction. This con- 
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elusion was deduced from the promotion of coiling by the ionophore 
A23187 in the presence of external Ca^"^, and likewise by addition of the 
phosphodiesterase inhibitor caffein in the absence of external Ca^*. The 
latter is thought to promote what is called a Ca^*-induced Ca^"^ release 
(CICR) from endogenous stores, i.e., the circumferential haptonemal 
ER-cisterna. Caffein-induced coiling was inhibited by procain, a sodium 
channel inhibitor that is used in animal muscle research to block the 
CICR response. These data provided strong circumstantial evidence for 
a CICR-signaling mechanism involved in triggering haptonemal coiling. 
In contrast to the MT-gliding hypothesis put forward by Gregson et al. 
(1993b), Kawachi and Inouye (1994) note that haptonemal coiling also 
occurs after cell death and can be invoked in isolated haptonemata that 
have been shed after prolonged procain treatment. Coiling therefore 
should be an ATP-independent process just like the spasmin-mediated 
coiling of vorticellid stalks and centrin-mediated contractions in the 
flagellar apparatus (Merten et al. 1994). 

Haptonemata in some species of Chrysochromulina are not capable of 
coiling, but instead perform a precise bending movement. In C. hirta 
this behavior of the haptonema occurs during feeding and involves prey 
capture and downward transport along the haptonema towards the 
phagocytosis site (see Kawachi and Inouye 1995 for reference). A simi- 
larly complicated and spatially precise manipulation of food particles 
has now been demonstrated by Kawachi and Inouye (1995) for 
C spinifera, which differs from C. hirta by the possession of long spiny 
scales and by the formation of a specialized mouth-like protrusion on 
the posterior half of the cells right before food uptake. Feeding in this 
species is a highly coordinated process involving the flagella, the spines, 
and the haptonema. Flagella provide a water current towards the cells 
which carries food particles with it. Some of the particles adhere to the 
surface of the spines and become transported along the cell surface to- 
wards the cell body and are further transferred from there to the hap- 
tonema. Next, they move to the tip of the haptonema, form a small ag- 
gregate together with other particles, and are then flipped back to the 
cell body by a precise bending motion of the haptonema to the area of 
the mouth-like opening in the cell posterior where phagocytosis takes 
place. Clumps of particles, too large to be ingested, can be rejected. In 
this reaction, the long flagellum picks up the aggregate from the hap- 
tonemal tip. After adherence to the flagellum, the aggregate moves to the 
tip of the flagellum and is flicked away by a burst of rapid beating activ- 
ity. It is currently not known how this most unusual but highly orches- 
trated behavior of flagella and haptonema is regulated, and whether it 
requires specific structural components. Even more enigmatic is the 
capture and directed movement of particles along the spine scales and 
along the scale-covered cell body which should be independent of the 
plasmamembrane and the underlying cytoskeleton. 
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c) Sexual Agglutination in Dinoflagellates 

Concanavalin A (ConA) and tunicamycin have been shown to inhibit 
sexual attachment between cells of opposite mating types of the dino- 
flagellate Alexandrium catenella (Sawayama et al. 1993). Interestingly, 
tunicamycin was effective on the plus mating type only at a concentra- 
tion of 1 pg/ml, whereas cells of both mating t^es lost their mobility at a 
concentration of 10 pg/ml tunicamycin. Whereas inhibition of locomo- 
tion remains to be explained, the inhibition of mating indicates that in 
dinoflagellates a recognition system exists, involving surface agglutinins 
similar to those known for a long times in Chlamydomonas and other 
volvocalean green algae. It may be further speculated that production of 
a glycoprotein by the plus mating type is of primary importance for suc- 
cessful agglutination of mating partners. 



d) Cell Surface Recognition During Red Algal Cell Repair 

Mutual growth stimulation and cell-cell recognition are important as- 
pects of intercalary cell repair in filamentous red algae of the order Ce- 
ramiales. Earlier studies by Waaland and collaborators (for references 
see Kim and Fritz 1993a) have shown that a 14-17.5 kDa glycoprotein, 
named rhodomorphin, exerts a hormone-like influence on growth of the 
repair cells which are formed from the cells adjacent to the wound, grow 
towards one another, and fuse to replace the damaged cell. However, it 
was not known when exactly rhodomorphin was made, and where it was 
localized during the repair process. Because rhodomorphin is a gly- 
coprotein, Kim and Fritz (1993a) employed FITC-conjugated lectins to 
address this problem. For the first time in the study of red algal wound 
repair, they used Antithamnion sparsurriy a species outside the genus 
Grijfithia. The difference between these two species resides in the behav- 
ior of the upper repair cells. Whereas in Grijfithsia, the upper repair cell 
buds off from the adjacent cell of the central filament, in Antithamnion 
three repair cells are formed, one from the cell of the central filament 
and two from the adjacent basal cells of the side branches. Only after 
these three cells have fused, the resulting fusion product becomes the 
principal upper repair cell destined to fuse with the lower repair cell. Of 
the eight lectins tested, only ConA and Lens culinaris agglutinin (LCA) 
bound specifically to repair cells in Antithamnion sparsum. Both lectins 
bind to a-D-mannosyl residues, which correspond to the glycosylation 
pattern of rhodmorphin. Labeling became apparent only several hours 
postwounding in the upper central cell and the adjacent basal cells, when 
nuclear migration towards the wound site was completed. It then also 
appeared in the lower cell edge facing the wound and on the old walls of 
the damaged cell, suggesting that the labeled substance originated from 
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the upper cells and was secreted into the empty lumen of the damaged 
cell. Subsequently, both upper and lower repair cells showed intense 
labeling as they grew towards one another, and after fusion, a ring of 
stained material remained at the fusion site. Unconjugated ConA and 
LCA in the surrounding medium blocked growth of the lower fusion cell 
and also retarded fusion, when treatment commenced only after the 
repair cells had made contact. These data are in good agreement with the 
idea that the glycoprotein recognized by the lectins is identical with rho- 
domorphin; however, it has not yet been rigorously excluded that during 
wound repair another glycoprotein with an a-D-mannosyl moiety is 
produced and excreted alongside rhodomorphin. Since lectin labeling 
was absent during wound repair in Aglaothamnion oosumiense, a species 
that has a nonfusion type of wound-healing response, the role of the 
lectin-positive glycoprotein might be connected with both cell-cell rec- 
ognition and the fusion process, but not necessarily with growth promo- 
tion. 



e) Sperm/Egg Recognition and Fertilization-Induced Exocytosis 
in Phaeophyte Eggs 

Eggs of the intertidal brown alga Fucus are naked unpolarized cells 
which produce a cell wall by rapid exocytosis only in response to fertili- 
zation. Because this process can be induced under controlled laboratory 
conditions and because the cells are easily accessible to experimentation 
by electrophysiology and microinjection techniques, Fucus eggs have 
been among the few algal experimental systems that traditionally have 
attracted the interest of cell biologist. A historical background of re- 
search on fertilization-induced signal transduction and embryo devel- 
opment in this alga alongside with a comprehensive update of our cur- 
rent knowledge on this subject has recently been provided by Berger and 
Brownlee (1995). 

Attraction between sperms and the egg in phaeophyte algae involves 
unsaturated hydrocarbon pheromones (Maier 1995a). Recognition and 
attachment is then accomplished by sets of glycoproteins on both the 
sperm and the egg surfaces (for recent review see Berger and Brownlee 
1995). The chemical nature of the adhesive components and the mode of 
their interaction was determined by a microtiter plate assay involving 
high-salt (2.5 M KCl)-extracted sperm surface proteins bound to the 
wells and plasmamembrane vesicles from eggs added to them, which had 
been biotin-labeled via N-hydroxy-succinimide ester bondage (Wright et 
al. 1995a). By probing the biotin label with streptavidin conjugated to 
alkaline phosphatase, the amount of vesicles bound to the wells was de- 
termined. The sperm extract contained a subset of the sperm surface 
glycoproteins and some mastigoneme glycoproteins. Binding was inhib- 
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ited by pretreating the sperm extract with protease but not after perio- 
date oxidation, suggesting that a protein was responsible for binding and 
not a carbohydrate. On the egg surface, however, sulfated fucose and 
mannose residues glycosidically bound to protein were required for 
binding. This was determined by competitive inhibition of binding by 
sulfated fucoidan and dextrane sulfate, whereas desulfated fucoidan and 
dextran had only a small effect. Based on these results, Wright et al. 
(1995a) concluded that the sperm proteins recognized a particular spa- 
tial orientation of sulfate groups on egg surface glycoproteins. 

A 27-kDa polypeptide (Fss27) was separated from the high-salt sperm 
extract by high performance gel filtration, and identified by the mi- 
crotiter plate assay as an active component in the binding between 
sperm and egg (Wright et al. 1995b). Binding between the egg surface 
and Fss27 was confirmed by probing Western blots of sperm surface 
components with biotin-labeled vesicles isolated from egg plasmamem- 
branes. In addition, it was shown that addition of this protein to eggs 
triggered their activation, as visualized by the extrusion of calcofluor 
white-positive wall material to the egg surface. However, in contrast to 
the massive and even extrusion seen in eggs activated by the addition of 
sperm, the pattern of extruded wall material induced by Fss27 was 
patchy and less intensely stained with calcofluor white. This pattern 
corresponds with the patchy staining of the egg surface with antibodies 
and lectins observed in earlier studies (for references see Wright et al. 
1995b), suggesting that perhaps several distinct sets of glycoproteins are 
displayed in a patchy pattern on the egg surface and that full activation 
requires multiple recognition events between these patches and the 
sperm surface. 

Clayton and Ashburner (1994) showed that even before polysaccha- 
ride wall precursors appear on the surface of the zygote, in response to 
sperm entry, phenolic compounds are exocytosed in some phaeophytan 
algae. In Durvillea potatorum considerable amounts of cytoplasmic 
vesicles containing the phenolic material are stored in the egg cortex to 
undergo mass excocytosis at fertilization very similar to cortical granule 
release in sea urchin eggs. Circumstantial evidence suggests that the 
function of this phenolic material is to inhibit unfused sperms on the egg 
surface before the zygote wall is formed. 

In Fucus, phenolic bodies make up only a small proportion of exocy- 
tosed material, the majority consisting of wall precursor material. It has 
long been speculated that a rise in cortical Ca^"^ concentration is the pri- 
mary event in the signaling process triggered by sperm entry. According 
to work by Roberts et al. (1994) employing confocal ratio photometry, a 
wave of Ca^"^, as, for instance, typically seen in sea urchin eggs, does not 
seem to travel from the sperm entry point through the egg cortex; in- 
stead, cortical Ca^^ seems to rise simultaneously involving entry of ex- 
ternal Ca^"^ through the plasmamembrane into the egg. Entry of external 
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is accompanied by depolarization of the membrane, suggesting that 
voltage-gated Ca^^ channels might be involved. This has, indeed, been 
shown by experimentally inducing membrane depolarization. However, 
Ca^"^ entry by itself did not prove sufficient to trigger exocytosis (Roberts 
et al. 1993). It was, therefore, postulated that the rise of Ca^* stimulates 
the production of another second messenger, i.e., inositol phosphate 
metabolites, which, in turn, could cause the release of more Ca^^ from 
internal stores, such as the cortical endoplasmic reticulum, and that this 
finally triggers exocytosis. Interestingly, however, even though microin- 
jection of inositol (1,4,5) triphosphate (IP,) into the unfertilized egg 
provided evidence that this pathway does indeed exist, IP, by itself also 
did not trigger exocytosis. This clearly showed that a more sophisticated 
mechanism of signal transduction has evolved in Fucus eggs possibly as 
a means to avoid misinterpretation by the eg^ of external stimuli that 
could inadvertedly cause a transient rise of Ca^^ levels. The current idea 
is, therefore, that the fertilization signal feeds into two parallel trans- 
duction pathways which must occur simultaneously in order to trigger 
exocytosis (Roberts and Brownlee 1995). 



f) Ejectisomes, Mucocysts, Red Algal Spermatangial Vesicles 

Forceful extrusion of compacted, often crystalline, biopolymeric con- 
tents from specialized vesicles is known not only from protozoans, but 
also from photoautotrophic protists and from algae (for recent accounts 
see dinoflagellates: Hansen 1993; Zhou and Fritz 1993; chromophytes: 
Andersen et al. 1993; cryptophytes and prasinophytes: Kugrens et al. 
1994). In the prasinophytes and cryptomonads, the ejectisomes contain 
a tightly coiled ribbon, which rolls up upon discharge and forms a long 
thin tube or spiral. The biological meanings of this process is thought to 
be a defense against predators. 

The phenomenon is probably still more widespread than originally 
envisioned. Kugrens et al. (1994) have recently drawn a comparison 
between extrusomes (ejectisomes) and the spermatangial vesicles in 
some species of red algae. In spermatia, which are the nonflagellate male 
gametes of the red algae, the spermatangial vesicles discharge at the 
moment of spermatial release and can form long mucilage strands that 
remain attached to the plasmamembrane and probably aid in the at- 
tachment of the spermatia to the trichogyne, a long tube-like extension 
of the sessile female gamete. 

In cases when appendages do not form, at least a thick mucilagenous 
covering can be observed, as recently reported for the spermatia of Pal- 
maria sp. (Bangiophyceae, Mine and Tatewaki 1994a). This surface ma- 
terial confers stickiness not only between spermatia, so that spermatial 
aggregates can form after release from the spermatangia, but also to the 
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trichogyne. The nature of the surface interaction has not ben studied in 
depth, but is has been observed that removal of Ca^^ from the external 
medium disperses the spermatial aggregates, whereas binding to the 
trichogyne was not affected, suggesting that binding to the trichogyne is 
indeed brought about by specific recognition between the two gametes. 
Because pretreatment of spermatia with proteolytic enzymes reduced 
the attachment to the trichogyne without affecting the viability of the 
spermatia, a protein should be involved on the spermatial side, whereas 
on the surface coat of the trichogyne a carbohydrate moiety should be 
involved that is sensitive to periodite oxidation (Mine and Tatewaki 
1994b). 

Postattachment signaling appears to be involved in the subsequent 
steps of fertilization of Palmaria in that the spermatial nucleus, which 
appears to be arrested in prophase, proceeds with mitosis only if at- 
tachment to the trichogyne has occurred (Mine and Tatewaki 1994a). 

Kim and Fritz (1993b) have confirmed the presence of a-D-methyl 
mannose residues on the surface of the spermatia of Antithamnion nip- 
ponicum and determined that these residues are responsible for binding 
to a corresponding receptor on the trichogyne surface. Subsequently, the 
same authors used a collection of fluorochrome-labeled lectins and 
showed that not only a-D-methyl mannose residues were present on the 
spermatial surface, but also N-acetyl-glucosamine, D-galactose, and L- 
fucose, whereas these sugars were not found on the vegetative walls of 
the gametophyte. On the fine structural level a-D-methyl mannose resi- 
dues were localized to the contents of the spermatangial vesicles by gold- 
labeled ConA and to the gamete surface (Kim and Fritz 1993c). These 
data suggest that cell-cell recognition and cell adherence in red algal 
fertilization is governed by a principle similar to that operating in 
Chlamydomonas (see Section 2.a). 

Adhesion of red algal tetraspores to the substratum is also mediated 
by an extracellular mucilage. The chemical composition of the mucilage 
and the mechanism of adhesion are still poorly understood. According 
to the recent study of Apple and Harlin (1995), formation of adhesive 
material is prevented by cycloheximide, tunicamycin, sodium molyb- 
date, and ConA, suggesting that it contains proteins, glycoproteins and 
sulfated polysaccharides. It is further inferred by the ConA inhibition 
that of the carbohydrate residues present in the mucilage, a-D-mannose 
or a-D-glucose is most likely involved in the adhesion reaction. Because 
these inhibitors were active only when applied to floating spores, but not 
after their attachment, these substances must be synthesized in the 
spores after their release, but a continuation of synthesis is not required 
when spores have attached. 
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g) Cellular Adhesion Molecules (Algal-CAMs) in Volvox 

The closest resemblance yet between animal cell adhesion proteins and a 
plant extrinsic membrane protein has been discovered in the green co- 
lonial flagellate Volvox (Huber and Sumper 1994). This discovery seems 
to be a first indication that at least some elements of the mechanisms of 
cell-cell recognition in plants share a common basis with those in animal 
cells. Presence of this protein was detected after treating early develop- 
mental stages of Volvox with a panel of monoclonal antibodies raised 
against crude membrane extracts from Volvox embryos. Two of the hy- 
bridoma cells lines were selected which secreted an antibody that was 
effective in disturbing the adherence between neighboring cells in the 
four-cell-stage embryos. These antibodies selectively labeled membrane 
domains at the cell-cell contact sites in the four-cell-stage embryos, indi- 
cating that the antigen was a membrane protein. After screening of 
cDNA and genomic libraries of Volvox, clones were retrieved which 
contained sequences of a 46.3 kDa protein featuring an extensin-like N- 
terminal domain and two C-terminal repeat motifs homologous to re- 
peat motifs occuring in the Drosophila N-CAM protein fasciclin I. Algal- 
CAM appears to be a natural chimera between a typical hydroxyprolin- 
rich plant cell wall protein, extensin, and an animal extrinsic membrane 
protein. It is not the first extensin-like protein in the Volvocales (for 
references see Huber and Sumper 1994). Fasciclin I, which is almost 
double in size and has four of the repeat motifs, is expressed on the sur- 
face of fasciculating axons in the Drosophila embryo. It is most likely 
involved in guiding axonal groAvth to the correct target cells. Anchorage 
of fascilin I in the membrane is mediated by a phospholipid inositol 
linker (GPI anchor) that is transferred and bound to the C terminus after 
a precursor sequence has been cleaved off. Analysis of the algal CAM 
gene revealed additional 3' exons, suggesting that alternatively spliced 
versions of the C terminus might exist in a number of different isoforms. 
Reverse transcription-PCR analysis proved that these variants did in- 
deed exist in the cDNA and one of the isoforms had a C-terminal se- 
quence resembling the CPI-anchor precursor. This was consistent with 
results from biochemical assays using different extraction procedures, 
which confirmed that algal CAM was an extrinsic membrane protein. 
Because adherence between neighboring cells had been disrupted with 
antibodies against algal CAM, it is suggested that this protein serves a 
vital function in cell adhesion, and Huber and Sumper (1994) propose 
that it represents an archetype of the fascilin family of adhesion pro- 
teins. 

In contrast to the situation in Fucus zygotes (see Sect. 4.a), the devel- 
opmental fate of the cells in Volvox seems to depend entirely on the cell 
size and not on extracellular matrix components (Kirk et al. 1993); how- 
ever, during sexual induction the extracellular matrix plays an important 
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role in signal amplification. Until the study by Sumper et al. (1993) it 
had been a mystery as to how the Volvox pheromone, a 42-kDa gly- 
coprotein, could exert its inducing function at a concentration as low as 
10'“ M. The answer suggested by Sumper and coworkers is that Volvox 
makes two extracelluar matrix proteins of 70 kDa size, termed phaeo- 
phorin I and II, the C-terminal half of both proteins is homologous to 
the pheromone and is cleaved off from pheophorin II in response to the 
original pheromone signal, thus amplifying the signal and inducing the 
production of additional copies of pheophorin. Interestingly, pheo- 
phorin I is not cleaved and remains bound to the extracellular matrix as 
a major matrix component. The authors speculate that the pheromone 
has evolved by gene duplication from one of the members of the pheo- 
phorin family of extracellular matrix proteins. 



4. CellWaU 

a) Scales and Flagellar Hairs 

The surface coverings of prasinophyte algae are built of distinctly 
shaped organic scales containing acidic polysaccharides and to some 
extent also glycoproteins. Structure, composition, and biogenesis have 
been extensively studied in the recent past (Becker et al. 1994). Marin 
and Melkonian (1994) have described the structure of flagellar hairs in 
16 strains of prasinophyte algae. Flagellar hairs are special types of or- 
ganic scales composed of a number of differently shaped subunits ar- 
ranged in regularly spaced linear arrays. Even though the major aim of 
the study was to provide a classification scheme on the basis of flagellar 
hair structure in this group of algae, two observations were reported that 
are of interest with respect to morphogenesis. 

One is that a fixed positional relationship exists between one type of 
hairs, termed T-type (first characterized in Tetraselmis, Marin et al. 
1993), and the underlayer scales. For example, lateral flagellar hairs are 
restricted to certain rows of the underlayer scales and each hair is sepa- 
rated from the next in the row by a defined number of the underlayer 
scales. A particularly intriguing example of the complexity and spatial 
regularity of scale positioning on the flagellar surface has recently been 
described by Moestrup and Hill (1993) in the species Pyramimonas mi- 
tra. 

The second observation is that in the biflagellate taxa the flagellar hair 
complement shows a defined relationship to the developmental status of 
the flagellum. Lateral hairs are lost and tip hairs are added as the shorter 
immature flagellum transforms to a mature flagellum during division. 
Both observations suggest the operation of a spatial sorting mechanism 
that controls the precise transport and positioning of hairs relative to the 
topology of the flagellum as well as their removal during maturation. 
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However, the underlying mechanism is not known. Clues might possibly 
come in future studies from some quadriflagellate taxa which undergo 
new apical hair insertion in each of the four flagella at each round of cell 
division indicating that in these cases the sorting mechanism works in a 
less precise manner. As to the function of flagellar hairs, it has been sug- 
gested that they most likely help to increase the hydrodynamic resis- 
tance of the flagellum during the effective stroke (Marin et al. 1993), so 
that one should expect that the length of the hair rather than its fine 
structure is important for function. However, before more information is 
available about the kinetics of transport, insertion, and loss of flagellar 
hairs during the life cycle of individual cells, there is hardly any basis for 
speculation on the evolutionary advantage of the great diversity of hair 
structure in the prasinophytes. 

Biosynthesis and molding of the several types of prasinophyte scales 
take place in the Golgi apparatus by cisternal progression (for discussion 
of Golgi structure and function see Schnepf 1993, for recent comparison 
of the cisternal progression model versus the vesicular shuttle model see 
Becker and Melkonian 1995). Golgi membrane fractions have been iso- 
lated from the Prasinophyte Scherffelia dubia by a gentle technique in- 
volving the release of the apical portion of cytoplasm through the thecal 
opening by osmotic shock (Grunow et al. 1993). This technique has the 
advantage that destructive cell disintegration techniques can be avoided 
and that most other organelles are left behind in the cell. Three poten- 
tially Golgi-derived fractions were recovered from discontinuous sucrose 
gradients and characterized by enzyme assays, lectin blots, and electron 
microscopy. All three fractions contained scales and showed a high ID- 
Pase activity. However, they differed only slightly in their polypeptide 
patterns and lectin-binding properties, so that their identity with a spe- 
cific compartment of the Golgi apparatus remained unresolved. 

The sugar moieties of the scale-associated glycoproteins have been 
histochemically localized by lectin binding in a large number of Tet- 
raselmis strains (Becker et al. 1995). In this study an indirect binding 
assay was employed involving digoxigenin-conjugated lectins that were 
detected by fluorochrome-conjugated anti-digoxigenin antibodies. Of 
the six lectins tested, only Galanthus nivalis agglutinin (GNA) gave a 
positive staining in all 142 Tetraselmis strains, whereas peanut aggluti- 
nin (PNA) was positive in only 24 strains. Both agglutinins bound ex- 
clusively to the flagella, not to the cell bodies. By this test and by glycosi- 
dase digestion assays, it was concluded that GNA binding was indicative 
of N-glycosidic oligosaccharides of the high-mannose/hybrid type and 
PNA binding was due to galactose P-1 3 linked to N-acetyl galacto- 

samine by N- or 0-glycosidic bonds. The glycoprotein fraction was sepa- 
rable from the scale fraction by SDS/DTT extraction and by differential 
centrifugation. SDS-PAGE revealed the presence of more than two dozen 
individual glycoproteins in the supernatant which showed a pronounced 
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band shift when treated with glycosidases. This was considered proof 
that the lectin-binding components were glycoproteins and not polysac- 
charides. 

Differences were discovered between Tetraselmis striata and T. chui 
not only in lectin binding but also in the removability of carbohydrate 
moieties by glycosidic enzymes. In all Tetraselmis strains GNA binding 
was abolished with endoglycosidase H; however, in T. striata a few addi- 
tional proteins were detected that contained N-glycosidase F-sensitive 
surgar bondages. In comparison, the flagellar glycoprotein fraction of 
r. chui contained many more N-glycosidase F-sensitive residues and 
several high-molecular-weight glycoproteins that were recognized by 
PNA on Western blots. These data are consistent with the conclusion 
that T. chui possesses a richer complement of different glycoproteins 
associated with flagellar scales than T. striata. If these results are consid- 
ered in conjunction with the information on flagellar hair structure (see 
above), it is tempting to speculate that the possession of specific gly- 
coproteins is reflected by the possession of a particular type of flagellar 
hair. However, a closer comparison shows that there is no complete con- 
gruence between the two sets of data, i.e., all Tetraselmis species with 
PNA-positive flagella contain type 1 flagella hairs (Marin et al. 1993), but 
not all of the species with type 1 hairs bind PNA. 

In comparison to the Prasinophyceae, structure and position of flagel- 
lar hairs (mastigonemes) in the heterokont algae are much more con- 
served. In phaeophyte gametes, flagellar hairs are found in two rows 
along the shaft of the anterior flagellum, whereas the posterior flagellum 
is bald. Maier (1995b) has examined species from five genera, Ectocar- 
pus, Laminaria, Fucus, Hormosira, and Durvillea, and in each case hairs 
consisted of a multisubunit hollow shaft carrying three terminal fila- 
ments. With the exception of a slight variation in length and numbers of 
the terminal filaments, this is essentially the same type of hair found in 
the classes Synurophyceae and Chrysophyceae. This high degree of 
structural conservation possibly reflects a vital role of these hairs for the 
special type of flagellar beating of these cells; however, as yet there has 
been little experimental evidence in support of this conjecture. 



b) Silica Scale Case in the Synurophyceae 

Electron microscopy and online video observations of scale cases in 
Mallomonas adamas during the cell cycle have allowed testing two hy- 
potheses of scale deployment in the Synurophyceae. One hypothesis 
states that scales are invariably inserted at the posterior cell pole and 
then moved along the cell surface until they reach their final positions, 
and the other allows for circumferential insertion. Lavau and Wetherbee 
(1994) present evidence that the latter hypothesis is more likely to be 
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correct. Mallamonas adamas possesses 30 body scales right after divi- 
sion. They are ordered in five rows spiraling from the anterior to the 
posterior pole. During interphase the number of scales gradually in- 
creases up to 60 before the cell divides again. Because the five anterior 
scales are specially sculptured (dome scales), it can be directly proven 
that the five new dome scales are inserted between the existing scales in 
the anterior half of the cells and that the remainder of the scales readjust 
their positions to compensate for the new scales. Only one scale is in- 
serted per row at a time. At the onset of division these five scales, that 
are mixed in with normal body scales, associate with the new daughter 
cell pole by an as yet unknown recognition and sorting process, and the 
remainder of the body scales segregate with the two daughter cells, thus 
reducing the total number of scales per cell back to 30. It is suggested 
that basically the same mode of scale development operates in Synura 
and that scale casings should be envisaged as dynamic rather than static 
structures. 



c) Spine Scale Formation and Deployment in the Pedinellophyceae 

Apedinella radians is a small planctonic phytoflagellate of the newly 
erected class Pedinellophyceae (formerly Pedinellales in the class Chry- 
sophyceae) which forms two types of organic scales; both consist most 
likely of cellulose (Koutoulis and Wetherbee 1993a). The cell is radial- 
symmetrically constructed with six chloroplasts arranged in a circle 
around the cell cortex and six very prominent spine scales radiating 
from six specialized surface plaques situated at equidistance between 
each chloroplast slightly above the equator of the cell. Spine scales are 
connected to the plaques by an extracellular ligament and through con- 
nections to an intricately built internal six-pointed star-like cytoskeletal 
array containing actin, MTs, and centrin, the orientation of the spines 
can be regulated from a lateral to an erect position. In extension of their 
previous work, Koutoulis and Wetherbee (1993a, for references) have 
recently described scale formation in this organism in further detail. 
Both types of scales are formed in specialized vesicles closely appressed 
to the plasmamembrane. These vesicles are not identical with trans- 
Golgi cisternae, but they are most likely derived from the trans-Golgi 
membrane system. Body scales are formed in these vesicles during in- 
terphase and it is thought that the vesicles undergo a slight modification 
shortly before cell division. This modification probably causes them to 
form the six new spine scales one after the other. In both the body-scale 
and the spine-scale vesicles a ring of actin is seen by antibody staining 
around the periphery of the vesicles, suggesting that actin is involved in 
molding the body scales and the oval foot plate of the spine scales, re- 
spectively. The shaft and the tip of the spines are formed as the vesicle 
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elongates forming an extension of the cell proper, so that the length of 
the spines can exceed the size of the cell. Since an MT triade (three inter- 
connected MTs forming a triangle in cross section) runs all the way 
along the extended vesicle during spine formation, the cytoskeletal 
mechanism producing the force for the extension process and helping to 
mechanically stabilize the appendage is probably based on MTs and MT- 
dependent motor molecules. The authors note that this mode of over- 
sized spine scale formation is obviously different from that in Chryso- 
chromulina spinifera (Prymnesiophyceae), where spines fold back on 
themselves within the scale-forming vesicle and unfold only at the mo- 
ment of release. 

In an accompanying paper, Koutoulis and Wetherbee (1993b) de- 
scribe the deployment of the newly synthesized spine scales during cell 
division in Apedinella radians. Manufacture of all six scales is completed 
before division and they become temporarily positioned in a zone 
slightly below the cell equator on sectors of the cell cortex overlying the 
posterior lobes of the six chloroplasts. After cell division, which cuts the 
cell along the longitudinal axis, each daughter cell is left with three chlo- 
roplasts consisting of a posterior and an anterior lobe, three old spines 
attached to cortical plaques and three new spines as yet unattached to 
plaques. Attachment of the new spines is accomplished after the old 
plaques have duplicated and after the constriction between the chloro- 
plasts lobes has narrowed and the lobes have split. In an as yet little un- 
derstood rearrangement process, each of the posterior daughter chloro- 
plasts moves upward and takes its new position alternating between the 
anterior daughter chloroplasts, and at the same time the new spines also 
move upwards and link up with the three new surface plaques. Each of 
the plaques ends up at a position between a chloroplast slightly above 
the cell's equator, so that the sixfold symmetry of the interphase archi- 
tecture is reestablished. 

These detailed descriptive data provide first clues as to how spatial 
information can be reliably transmitted between cell generations in 
Apedinella radians; many aspects of it remain elusive. For instance, 
when and how is the external ligament formed that connects the spine 
scales with the plaques, how does plaque duplication work, how are the 
new spines guided to the new plaques and how are the various move- 
ments powered? 



d) Calcified Scales in the Prymnesiophyceae 

Calcified wall structures in protists and microalgae including the coc- 
colithophorids, an assemblage of prymnesiophytan taxa, have been ex- 
tensively reviewed by Faber and Preisig (1994). These marine plankton 
taxa form wall casings called coccospheres consisting of micron-sized. 
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ornamented plates termed coccoliths. The plates are made of an organic 
matrix of cellulose- and uronic acid-rich acidic polysaccharides, which is 
more or less heavily incrusted by CaCO, crystalites. The various shapes 
and fine structures of coccoliths and the intracellular membrane com- 
partments (coccolith-producing compartment, CPC) responsible for the 
formation of coccoliths have been subject of many publications in the 
past (summarized in Faber and Preisig 1994). 

Calcification occurs in the CPC, which is closely appressed to the nu- 
cleus and receives vesicles from the trans-Golgi compartment or origi- 
nates directly from trans-Golgi cisternae; however, there is little infor- 
mation as to how the continuous calcium ion influx into the CPC is 
maintained. Kwon and Gonzales (1994) have isolated a vesicle fraction 
from Pleurochrysis sp. by density gradient centrifugation that fulfills all 
requirements of CPCs. They have a high buoyant density, high specific 
activity of Ca^"^-stimulated ATPase, contain high concentrations of 
bound and free Ca^* and, on the structural level, coccoliths can be seen 
by light microscopy within them. The function of the Ca^"^-stimulated 
ATPase is still unresolved. It probably does not pump Ca^"^ directly from 
the cytoplasm into the lumen of the CPC, because as cautioned by Kwon 
and Gonzales (1994), this would mean that quite high-concentration of 
calcium ions would have to pass from the cytoplasm into the CPC, 
causing steep changes of cytoplasmic Ca^^ concentration due to the dy- 
namics of coccolith production. This would certainly be incompatible 
with the role of cytoplasmic Ca^"^ as second messenger. The alternative 
possibility would be that calcium ions are retrieved from the surround- 
ing seawater through the plasma membranes, sequestered into vesicles, 
and then channeled into the coccolith production pathway. In this sce- 
nario, the Ca^"^-stimulated ATPase would act as a proton pump whose 
major function would be to maintain an alkaline environment in the 
CPC. The requirement of a proton pump as a functional element in cal- 
cium mineralization was put forward previously by the same authors 
(for references see Kwon and Gonzales 1994). 

Interestingly, banding of these high-density vesicles in the gradient 
occurred only when the cells had been pretreated with colchicine. In the 
absence of the inhibitor, the bulk of the vesicles sedimented together 
with the Golgi fraction to the bottom of the tube. Because colchicine is 
known as an MT-disrupting agent, it is suggested that the high-density 
CPC and the Golgi compartment remain tied together by MTs even after 
cell disruption, and that these structural links are broken by the inhibi- 
tor, so that both membrane compartments can separate in the density 
gradient. Such a situation would be expected if there was a functional 
relationship mediated by MTs in vivo such as MT-dependent spatial 
positioning of the Golgi compartment and the CPC- or MT-dependent 
transport of coccolith precursors between them. 
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Vesicle traffic to and discharge of vesicle contents into the CPC has 
been inferred from several previous fine structural investigations 
(references in Marsh 1994). This sequence of events has been particu- 
larly clearly demonstrated in Pleurochrysis carterae, because in this spe- 
cies the vesicles are heavily stained by lead salts and periodate/silver, 
indicating a highly acidic content. These vesicles, termed coccolitho- 
somes, are formed by the medium compartment of the Golgi stack and 
move to the periphery of the CPC. The CPC itself originates as a whole 
from a trans-iace Golgi cisterna and contains the nonmineralized base 
plate of a coccolith. The coccolithosomes discharge their content by fu- 
sion along the rim of the CPC. 

Marsh (1994) studied the polysaccharide composition of these vesi- 
cles and the role of their polysaccharide content in calcium mineraliza- 
tion. She isolated two different, highly polyanionic substances. PS-1 
consists of glucuronic acid and galacturonic acid in a ratio of 1:3, 
whereas PS-2 is a very unusual, mixed polymer of D-glucuronic, meso- 
tartaric, and glyoxylic acid residues, the latter of the two residues 
probably being converted from polyuronic units by oxidative cleavage of 
the C2-C3 bonds. By immunogold labeling with antibodies generated 
against the two polysaccharides. Marsh (1994) demonstrated that both 
polyanionic carbohydrates can be detected at the formation site in the 
middle region of the Golgi stack and its transport into the CPC and spa- 
tial relationship with the mineralization process at the rim of the cocco- 
lith was evident. PS-1 and PS-2 probably serve dual functions, they first 
have a role in calcium ion sequestration at the forming site of the vesi- 
cles (Golgi compartment) and are later involved in the mineralization 
process in the CPC. However, as noted by the author, this mode of coc- 
colith production as exemplified in P. carterae is probably one of several 
different types in the Prymnesiophyceae, involving different pathways of 
calcium ion sequestration and calcium mineralization. 



e) Silica Wall Casings in Diatoms 

Formation of the silica frustules in diatoms proceeds on at least three 
different levels of complexity: (1) Size and overall shape of the silica 
frustule consisting of the two valves are determined by the size and geo- 
metry of the auxospore (Mann 1994). (2) The microdomain structure of 
the silica shell as it is formed in the silica deposition vesicle (SDV) dur- 
ing early valve morphogenesis is governed by physical parameters, 
namely the instabilities in the diffusion-limited precipitation process, 
which are, in turn, dependent on the unloading process of silica from the 
transport of vesicles into the SDV (Gordon and Drum 1994). (3) Sculp- 
turing of the silica frustules is accomplished by intricate shape changes 
and compartmentalization of the SDV, as well as by the placement of 
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Space-holding vacuoles. As recently summarized by Schmid (1994) and 
previously by Pickett-Heaps et al. (1990), there is ample evidence for the 
involvement of MTs and actin filaments at this latter level of morpho- 
genesis even though the exact role of the cytoskeletal elements is yet to 
be worked out. 

Centric diatoms have, in addition to sculpturing of the frustule sur- 
face, evolved means to form long appendages such as spines, bristles, 
and setae that may be seen as an adaptation to the pelagic habitat. It is 
relatively undisputed that the cytoskeleton is involved in molding the 
SDV in diatoms as well as in other silica-depositing algal classes such as 
the Synurophyceae (for recent review see Preisig 1994). However, the 
situation is less clear in the case of valvar extensions such as spines, 
bristles, and setae. 

One particularly impressive example of spine formation in a centric 
diatom is that of Corethron criophilum. This marine phytoplankton 
species possesses two circles of very long spines on the opposite faces of 
its cylindrical valves (Crawford and Hinz 1995). During division, each of 
the new hypovalves formed by the daughter cells initiates its own ring of 
new spines, one containing only one kind of very long serrated spines 
and the other containing this same type alternating with a second, 
shorter type carrying a distinct hook at their tips. These hooks have an 
important function by keeping the two opposing sets of spines originat- 
ing from the young daughter cells mechanically engaged with one an- 
other as long as spine formation is in progress. In addition, each spine is 
anchored in the valve by a specially shaped bipartite socket which se- 
cures the spine in vertical position as long as the daughter cells are not 
separated but allows it to move to an oblique position after separation. It 
is conceivable that the initial phase of spine formation takes place inside 
a SDV which would have to form in a long extension of the protoplast, 
and it is obvious that the spines must be released somehow from the 
SDV and placed inside the sockets by a self-fitting mechanical process. 
However, none of this has been studied in detail so far. Also, the 
mechanisms invoking two different morphogenetic programs in the two 
newly formed daughter cells and the spatial guiding process for the 
manufacturing of these extremely delicate heteromorphic spines and 
their corresponding sockets have remained completely obscure. 

Seta formation is a similarly intriguing morphogenetic process. Setae 
are very thin long processes in the frustule of centric diatoms that re- 
main filled with cytoplasm. In summarizing the earlier literature, Pick- 
ett-Heaps et al. (1990) presented examples in favor of and against the 
involvement of cytoskeletal elements in the shaping of these structures. 
For instance, sculpturing of the long, bristle-like setae in the genus Chae- 
toceros required MTs, whereas formation of long narrow labiate proc- 
esses typical for many centric diatoms did not. In a recent study on the 
development of setae in Chaetoceros peruvianus Pickett-Heaps and co- 
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workers (1994) addressed the question of how the asymmetry in the ori- 
entation of the setae formed by each companion daughter cell could be 
explained. Whereas the two juxtaposed setae formed from the edge of 
the hypovalve of the upper cell in the dividing cell pair gently curve 
downward until they become aligned with the long axis of the cell, the 
pair of setae coming off from the hypovalve of the lower cell bends 
sharply backwards until both pairs of setae point into the same direc- 
tion. Details of the mechanism that generates the two different paths of 
seta development are not known, but the different behavior of the 
postmitotic MT centers (MC) and the distribution of MTs in the two 
daughter cells suggest that the general direction into which the setae are 
going to point could be controlled by MTs at the moment of seta initia- 
tion. 

On the other hand, the subsequent elongation of the setae and forma- 
tion of transversal ribs within them does not appear to require MTs. 
Instead, a novel cytoskeletal assemblage was discovered a short distance 
behind the tip (Pickett-Heaps et al. 1994). It consists of two concentric 
rings of fibrous material, the thin band and the thick band, the latter 
connecting to the advancing front of the SDV, and several successive 
striated bands extending downward along the SDV. At the points where 
the striated bands meet each other, the membrane of the SDV is ruffled 
and pulled slightly inwards, so that regularly spaced transverse caveolae 
are created, within which the silicified ribs form. This cytoskeletal as- 
semblage is remarkable because it not only appears to provide spatial 
information for the regular positioning of the ribs, but also causes shape 
changes in SDV. The ruler function is reminiscent of the function of the 
thin filaments, titin and nebulin, in the course of sarcomere assembly in 
striated muscles (Keller 1995), whereas the apparent deformation of the 
SDV membrane at the future rib positions would suggest the presence of 
a contractile element such as actomyosin or centrin. 

Silica deposition is probably modified by organic components that 
become segregated into the SDV and either promote or repress silica 
deposition. Kroger et al. (1994) have recently succeeded in characteriz- 
ing a glycoprotein from Cylindrotheca fusiformis on the biochemical and 
on the sequence levels. The glycoprotein is an EDTA-extractable com- 
ponent of the silica frustule. It has a 68-kDa peptide backbone that is 
highly glycosylated with rhamnose, galactose, xylose, glucose, and man- 
nose in the ratio of 5:4:4:2:1. The peptide is characterized by the pres- 
ence of five 45-52 amino acid long repeat motifs which are rich in acidic 
amino acid residues and cystein. It is therefore called the ACR motif. 
These motifs are separated by sequence stretches, three of which have a 
50% content of prolin, which is a common amino acid in cell wall pro- 
teins. The protein is a member of a gene family of several closely related 
proteins, because several similar sequences have been retrieved from a 
cDNA library. All have the same type of ACR motifs. They are probably 
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very efficient Ca^^^-binders and it is proposed that the ACR motifs are the 
calcium-binding sites, because they bear an overall similarity with the 
well-known EF hand motifs in many other calcium-binding proteins 
(Nakayama et al. 1992). 

Cell surface glycoproteins are probably involved in cell shape deter- 
mination in diatoms in a very general fashion. In their study on two 
morphotypes of Phaeodactylum tricornutum, Gutenbrunner et al. (1994) 
examined the overall peptide patterns and the antigenic determinants on 
the cell surface of this diatom. Cells maintained in liquid cultures ex- 
press a fusiform morphology, whereas cells transferred to agar acquire 
an oval shape and a tendency to form colonies. The differences in the 
polypeptide patterns between the two morphotypes was very subtle and 
difficult to interpret; however, immune sera prepared against the two 
morphotypes, whole cells as well as cell lysates, showed pronounced 
differences in their cross-reactivity. Whereas immune sera prepared 
against the fusiform type recognized a similar pattern of bands in West- 
ern blots of both morphotypes, the reverse test showed a different pat- 
tern, i.e., antisera against the oval form recognized only a few bands in 
Western blots of the fusiform cells. This is taken to mean that the oval 
morphotype has aquired additional antigenic sites, most likely by post- 
translational modifications on cell surface proteins. A change in overall 
charge of cell surface components is indicated by a shift in the staining 
reaction with toluidin blue. Oval cells show a pronounced metachro- 
matic staining of the silica walls, whereas fusiform cells do not, which is 
diagnostic for the presence of proteoglycanes or polysaccharides with 
sulfuric or phosphoric esters. It is therefore postulated by Gutenbrunner 
et al. (1994) that a subtle change in the mode of posttranslational modi- 
fication of cell surface proteins occurs in conjunction with cell shape 
change; however, it is yet too early to speculate whether and how the 
modified glycoproteins are functionally involved in the process of shape 
change or rather a consequence of it. 

Studies on diatom morphogenesis may soon profit from recent ad- 
vances in the application of recombinant DNA technologies to these 
organisms and ultimately in their manipulation by genetic engineering. 
Dunahay and coworkers (1995) succeeded in expressing foreign genes in 
two diatoms, Cyclotella cryptica and Navicula saprophila, with a trans- 
formation system that uses chimeric vectors containing the putative 
promoter region and the terminator sequences taken from the 
C. cryptica CoA carboxylase gene (accl) fused to the bacterial neomycin 
phosphotransferase gene {nptll). Direct transfer of the vector DNA into 
the cells was achieved by particle bombardment, and screening of 
transformants was facilitated by the G418 resistance, which is a conse- 
quence of the expression of the foreign nptll gene. Transformants were 
isolated which had the foreign genes stably inserted in the nuclear 
genome often in tandem repeats. Cotransfection of these selectable gene 
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constructs with a nonselectable second gene (the originals C cryptica 
accl gene) have also been performed and yielded transformed strains 
with an elevated level of CoA carboxylase activity which is important for 
fatty acid synthesis. It is thus demonstrated that foreign genes can be 
introduced into the diatom genome, which is the first most important 
step towards testing the involvement of single genes in morphogenesis. 



f) Glycoprotein Walls 

Cell walls of the Volvocales are built of hydroxyprolin-rich glycopro- 
teins. On the basis of sequence information of a number of these pro- 
teins, Woessner and Goodenough (1994) stressed the deep split between 
species in the genus Chlamydomonas. Comparison of cell wall architec- 
tures and glycoprotein domain structure indicates a much closer rela- 
tionship between Chlamydomonas reinhardtii and Volvox carteri than 
between Chlamydomonas reinhardtii and C. eugametos. Flagellar surface 
agglutinins involved in the mating reaction are also hydroxyprolin-rich 
glycoproteins, and, like the wall glycoproteins, they are composed of 
repeating as well as palindromic peptide motifs (Woessner et al. 1994). 
Because of the repetitive nature, the genes coding for these proteins are 
prone to rearrangements during unequal cross-over and homologous 
recombination events. Because the fertilization process depends on the 
proper function of flagellar surface agglutinins, such rearrangements 
could facilitate sexual isolation of subspecies. 

In contrast to the detailed information available on the chemical 
composition of the volvocalean wall and the fine structure of its com- 
posite layers, very little is known about the precise mechanism involved 
in cell wall secretion. Using a polyclonal antibody, SkD-G8, raised in 
mice, Domozych and Dairman (1993) investigated wall secretion in 
Gloeomonas kupfferi. The antigen was a 210-kDa glycoprotein isolated 
from old parent cell walls shed during the release of daughter cells. Im- 
munogold localization of the antigen in cells after freeze substitution 
and processing for electron microscopy revealed label in the cistemae at 
the trans face of the Golgi bodies, in the vesicles emerging from the 
trans-Golgi cisternae, in vesicles fusing with the contractile vacuole and 
in the lumen of the contractile vacuole. This suggests that the contractile 
vacuole in this volvocalean species functions as the final depository for 
wall precursors. Massive label was also associated with the inner crystal- 
line wall layer from which the antigen was originally isolated. The same 
secretion pathway for the 210-kDa wall protein was evident during the 
later stages of cytokinesis, except that all Golgi regions were labeled. 
However, there was a significant gap in the secretion of this protein in 
early stages of cytokinesis, apparently because during this stage the 
Golgi apparatus was producing precursors for the other wall layer. 
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Post-translational modifications of wall proteins are important for 
their functions. For instance, it has been shown that the formation of 
iso-dityrosine cross-links cause a stabilization of the inner wall layer in 
Chlamydomonas (Waffenschmidt et al. 1993). The proportion of 0- 
glycosyl residues on wall proteins was found to be substantially reduced 
in a Chamydomonas mutant, gagl, causes multicellular aggregates due 
to a delayed release of daughter cells from the mother cell wall after di- 
vision. In addition, the mutation caused sterility because mating type 
plus gametes lacked specific 0-glycosyl residues required for agglutina- 
tion (Vallon and Wolman 1995). 



g) Mixed Polysaccharide Walls 

Whereas the walls of the Volvocales are constructed exclusively of hy- 
droxyprolin-rich glycoproteins, the walls of other green algal orders 
contain cellulose and various proportions of polysaccharides and gly- 
coproteins. Even within the same genus, Chlorella, the cell wall chemis- 
try can differ substantially. Kapaun and Reisser (1995) identified chitin 
as the major structural polysaccharide in the symbiontic Chlorella strain 
Pbi, a member of the Chlorella vulgaris-sorokiniana cluster. Among the 
green algae, this Chlorella strain seems to share the possession of chitin 
only with Pithophora oedogonia which deposits chitin in the crosswall 
discs. 

The cell wall of the chloroccoccalean genus Oocystis has been of great 
interest in the past, because the regular criss-cross pattern of its major 
cellulose microfibril (MF) layer provided a promising opportunity to 
study microfibril deposition and orientation. Even though this has been 
the major interest in this type of cell wall, it did not go unnoticed at that 
time that the microfibril layer in mature walls was embedded between an 
inner and an outer layer of apparently amorphous structure. Even 
though the chemical constituents of these layers are still not known, 
their fine structure has now been revealed in detail by the rapid quick- 
freeze deep-etch technique (RFDE) in Oocystis apiculata (Fujino and 
Itoh 1994). The images shown in this study demonstrate three major 
layers, an outer nonfibrillar layer with a smooth apearance in cross- 
fracture which is covered by filamentous protuberances, the principal 
criss-cross microfibrillar layer and the inner layer consisting of a dense, 
network of trabeculae with a diameter of 8-10 nm. The authors see some 
similarities in structure between the outer layer and the W1/W7 layers of 
Chlamydomonas and between the inner layer of the Oocystis wall and the 
W4/W6 layers of Chlamydomonas. In addition, it is noted that the cellu- 
lose microfibrils are frequently interconnected by small fibers, probably 
consisting of hemicelluloses. 
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Voigt et al. (1994) have recently analyzed the proportion of hy- 
droxyprolin in wall proteins of 15 species originating from several green 
algal orders including the Volvocales, Chlorococcales, Codiolales, 
Desmidiales, and Zygnematales. Interestingly, the lowest proportion of 
hydroxyprolin was found in the chlorococcalean species Scenedesmus 
subspicatus and Pediastrum boryanum, supporting the conjecture that in 
this order a separate phylogenetic branch exists with a composition 
quite different from the cellulose/glycoprotein walls in the remainder of 
die order. 



5. Polarity, Morphogenesis, and Cell Fate 

a) Polarity and Cell Fate Determination in Phaeophyte Zygotes 

Zygote polarization in fertilized eggs of Fucus and Pelvetia has been 
studied for more than 100 years and continues to be one of the most 
popular plant cell systems for the study of cell morphogenesis and de- 
termination of cell fate (for recent reviews see Goodner and Quatrano 
1993; Berger and Brownlee 1995; Brownlee and Berger 1995; Obermeyer 
and Bentrup 1996). Here, discussion will be restricted to the relationship 
between cortical Ca^"^, the cytoskeleton, and the extracellular matrix. 

It has long been known that Fucus zygotes polarize under the influ- 
ence of unilateral illumination, i.e., it has been noted that the rhizoidal 
pole develops opposite to the source of light. It was also recognized early 
on that becomes asymmetrically distributed in the region of future 
growth even before the rhizoidal pole begins to emerge, and that by 
manipulating Ca^^ homeostasis and Ca^"^ transport through the plas- 
mamembrane, initiation and growth of the rhizoidal pole can be per- 
turbed. This has led to the generally accepted hypothesis that unilateral 
illumination and other physical vectors cause a change in the distribu- 
tion of cortical Ca^"^. Localization experiments employing chlorotetra- 
cyclin (CTC) as an indicator for membrane-bound calcium have shown 
that calcium occured in association with the plasmamembrane in the 
region of the rhizoidal pole (for references see Kropf 1994), but this 
method is unsuitable for the detection of free cytoplasmic calcium ions. 
In order to faithfully reflect the concentration of cytoplasmic free Ca^"^, 
the indicator dye must be prevented from crossing membranes by cova- 
lently coupling it to large, charged, physiologically neutral molecules 
such as dextranes. This has recently been achieved by Berger and 
Brownlee (1993) employing microinjection of calcium-green-dextrane in 
conjunction with confocal ratio fluorometry. Visual evidence has thus 
been provided that calcium ions form a gradient in pregermination zy- 
gotes of Fucus, which is highest at the plasmamembrane and steeply 
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declines further away from the cell cortex. The function of the gradient, 
however, is still obscure. 

One potentially interesting avenue to pursue in order to arrive at a 
better understanding of the role of Ca^* in morphogenesis in the Fucus 
zygote would be to take a closer look at calcium-binding proteins. Re- 
cent pharmacological evidence from studies with the fungal calmodulin 
antagonist, ophiobolin A, strongly suggested that in Pelvetia zygotes it is 
not the free form of Ca^^ but Ca^* bound to calmodulin that acts as the 
intracellular mediator of photopolarization (axis formation) and out- 
growth of the rhizoid pole, respectively (Robinson 1996). If this obser- 
vation should hold a new interesting field would open, because many 
cytoskeletal proteins are known to interact with and are regulated by 
calmodulin. In the case of the Fucus zygote there is convincing evidence 
that the actin cytoskeleton is involved in photopolarization and rhizoi- 
dal outgrowth (for review see Kropf 1994) and Ca/calmodulin could be 
the regulator that maintains the actin cytoskeleton in a particular state 
of organization required for polarized growth. 

It has been known for a long time that polarization in Fucus zygotes 
can only proceed in the presence of the cell wall. It is therefore conceiv- 
able that a physical connection exists between the cytoplasm and the cell 
wall. Evidence is indeed beginning to emerge that binding occurs be- 
tween elements of the actin cytoskeleton to transmembrane proteins 
which, in turn, are anchored in the cell wall matrix. This relationship has 
been discussed in further depth in Goodner and Quatrano (1993), Kropf 
(1994), and Menzel (1996). A visual demonstration for the existence of 
physical connections between the wall of the rhizoidal pole and the un- 
derlying cytoplasm has recently been provided by Henry et al. (1996) by 
subjecting germinating Pelvetia zygotes to plasmolysis conditions. In 
addition, they presented evidence for the proteinaceous nature of the 
links and showed that preincubation with a synthetic "RGD" peptide 
(containing the amino acid sequence Arg-Gly-Asp), which is known to 
interfere with the binding of integrin-like transmembrane proteins to 
cell wall proteins, thus corroborating earlier reports of the occurrence of 
integrin-like proteins in Fucus zygotes. 

Binding between the protoplast and the cell wall is apparently of pri- 
mary importance for cell fate determination after the division of the 
zygote into rhizoid and thallus cells. In a series of elegant experiments 
using a focused UV-laser beam as microsurgical instrument, Berger et al. 
(1994) demonstrated that after release from the two-cell stage, proto- 
plasts retained their totipotency and spontaneously redifferentiated into 
complete two-cell embryos. However, if protoplast remained enclosed in 
the original cell wall casing, while the neighboring cell was destroyed, 
they did not redifferentiate. On the other hand, if protoplasts from a 
former rhizoid cell were brought into contact with the inner surface of 
wall fragments of thallus cells, they became reprogrammed and differ- 
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entiated into thallus cells, and vice versa for thallus protoplasts differen- 
tiated into rhizoid cells after they came in contact with rhizoid wall. 
There is hence reason to speculate that the cell wall surface contains 
determinants that confer information of its developmental status. These 
determinants are apparently recognized by factors exposed on the plas- 
mamembrane of the protoplast, and by binding to them, the information 
on the developmental status of the wall fragment is relayed into the cell 
and, in the further course, cell fate becomes reprogrammed. 

Berger and Brownlee (1995) argue that this type of cell fate determi- 
nation might have evolved in algae and higher plants as a consequence 
of developmental totipotency of their cells. In that context, the authors 
draw attention to the developmental behavior of protoplasts originating 
from apical cells of the filamentous phaeophyte, Sphacelaria. If these 
protoplasts are completely removed from the corresponding walls, they 
develop a spore-like morphology (Rusig et al. 1994). However, if they 
remain confined in the original wall, they retain the morphology typical 
for the apical cell. A comparison with the situation in higher plants also 
seems to support the idea that the cell walls could provide the positional 
information necessary to guide differentiation of a given cell in the cor- 
rect tissue context (for references see Berger and Brownlee 1995). 



b) Putative Role of Actin in Cell Morphogenesis of Micrasterias 

Studies of the placoderm desmid Micrasterias have continued to con- 
tribute to our understanding of mechanisms of growth and morpho- 
genesis in the algae. A comprehensive treatment has been given to this 
fascinating area of research by Meindl (1993) and a recent update was 
provided % Obermeyer and Bentrup (1996) in the previous volume of 
this progress series. 

Here, the relationship between the endomemebrane system, ER, and 
Golgi, with the cytoskeleton and its significance for cell morphogenesis 
in desmids will be given particular attention. As indicated by earlier 
pharmacological work (Meindl 1993), cytoplasmic streaming as well as 
growth and morphogenesis in desmids appears to be dependent on the 
actin cytoskeleton. However, there is still a lack of structural evidence to 
support this assumption (for discussion see Menzel 1996). Url et al. 
(1993) have probed the relationship further between actin and morpho- 
genesis in Euastrum, a species with a similar, though less elaborate mor- 
phology than Micrasterias. They found that at a concentration of cyto- 
chalasin B (CB), at which streaming was slowed down but not entirely 
inhibited, morphogenesis was markedly retarded. Fine structural analy- 
sis showed that of all cell structures the trans-Golgi compartment was 
most strongly affected in that the dark vesicles, which are produced by 
control cells as the cell wall precursors, were replaced in the CB-treated 
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cells by "empty" vesicles. These vesicles became accumulated at the 
trans-Golgi region, suggesting that CB was affecting both the production 
of cell wall precursor as well as the transport from the trans-Golgi face to 
the plasmamembrane. Though it cannot be excluded that the inhibition 
of cell wall precursor could be due to a side effect of the inhibitor, the 
lack of transport is probably consistent with the assumption that a de- 
struction of the actin cytoskeleton had occurred, and therefore the 
authors maintain that morphogenesis in this desmid was primarily de- 
pendent on the actin cytoskeleton in an as yet unknown way. Even 
though recent advances have been made to visualize the actin cytoskele- 
ton in Micrasterias by injection of fluorescently labeled phalloidin 
(Meindl et al. 1994), a better preservation of the actin cytoskeleton in the 
regions of the growing lobes should be indispensable in future studies to 
elucidate the role of actin during cell morphogenesis. 



c) Cell Wall Microfibril Orientation and Cell Expansion in Siphonoclads 

Green algae of the order Siphonocladales possess a cellulose wall with an 
exquisitely regular microfibril pattern. Orientation of the microfibrils 
changes from one wall layer to the next in a criss-cross fashion, whereas 
MTs in the cortical cytoplasm are invariably oriented in longitudinal 
direction running from the tip of the cell for several tens of miUimeters 
down to the base. This implies that the mechanism of microfibril orien- 
tation does not simply involve mechanical guidance of the microfibrils 
by cortical MTs as postulated in the fluid channel hypothesis. According 
to work from Mizuta and collaborators (for a summary see Mizuta 1994), 
cell wall formation in the siphonoclads proceeds in pulses either from 
the tip to the bottom, or it begins in the middle and proceeds to both 
ends, as in intercalary cells in some species of siphonoclads. With each 
pulse, a single lamella is laid down. Because speed of individual terminal 
complexes (TCs = the cellulose sythesizing multi-unit complex in the 
plasmamembrane, Okuda and Mizuta 1993), is roughly constant, a la- 
mella is formed by a synchronously moving front of TCs migrating at 
least for a distance of 800 pm before tapering out and eventually disap- 
pearing. Pulses of lamella initiation follow each other at short intervals, 
so that at any given moment in time several lamellae are being laid down 
simultaneously. In tip cells of Boodlea the orientation of fibrils within a 
given lamella does not change much after the synthesizing front has 
been issued from the apical dome, but from one layer to the next it 
changes in a fixed sequence: (1) left-handed helicoidal, (2) right-handed 
helicoidal (or nearly transverse), (3) longitudinal. The cycle starts again 
with left-handed helicoidal orientation. The principal layers are the 
nearly transverse and longitudinal ones, whereas the left-handed heli- 
coidal layer contains significantly fewer fibers. Mizuta (1994) suggests 
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that this is a transitional stage occurring as the orientation is shifting 
from axial to transverse. 

Okuda et al. (1993) found that cells treated with the anti-MT agent 
APM (amiprophos methyl) lose the first half of their MT population 
after 4 h treatment. MTs become further reduced down to a quarter of 
the original population in the next 4h, but the reminder of the MTs 
proved to be exceedingly resistant, bearing as much as 48 h treatments 
before they also disappeared. During recovery from treatments of up to 
48 h, the MT system reformed in the former axial orientation and growth 
resumed in the original direction, suggesting that with the few MTs still 
remaining after such prolonged treatment, the spatial information on 
how MTs should be aligned and oriented in the cell was still persistent. 
However, cells treated longer than 48 h had lost this information; they 
produced new tips appearing all over the sides of the cell. In this latter 
situation, the MT system reorganized itself in the course of recovery 
from random arrays towards more and more radially converging arrays 
and these converging arrays became the new tips. It is thus evident that 
ordered wall deposition and vectorial growth requires highly ordered 
MTs in the siphonoclads, although the guiding mechanism remains elu- 
sive. 

A strict correlation between the density and regularity of MTs on the 
one hand and the type of MF patterns in the wall lamellae on the other 
was observed by Kimura and Mizuta (1994) in the cylindrical intercalary 
cells of Chaetomorpha tnoniligera. The wall in this species is built by 
only two alternating layers, one with transversely oriented MFs, which is 
initiated in the center of the cell and the TC fronts move out to both 
sides for completion of the layer, and the other with axially oriented 
MFs, which is issued exclusively from the apical cell pole and proceeds 
basally. For the axial lamella to be formed, the full complement of axially 
oriented cortical MTs is required. This is the situation in untreated cells 
where MTs reach a density of four per pm of cell circumference. How- 
ever, in order to built a wall layer with transverse MF orientation, only 
half the density of MTs was required, and by reducing this density even 
further by anti-MT inhibitor treatment to a quarter of the original den- 
sity, formation of a helicoidal MF pattern resulted and cells began to 
round up. This again suggested that MTs do control the orientation of 
wall microfibrils, but the paradox needs to be resolved in future work, 
how this is possible in the absence of physical coalignment. 

From the current data at least so much can be concluded that for MTs 
to exert an orienting function on the deposition of wall MFs in apical as 
well as in intercalary cells of the siphonoclad algae, a certain threshold of 
MT density along the plasmamembrane must be maintained. In the case 
of apical cells, a short-lived switching mechanism maybe postulated that 
operates at the tip by periodically pushing the MT population up to a 
threshold density necessary for orientation of MFs. This high-density 
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MT array would preset the orientation of the newly starting TC front, but 
subsequent maintenance of the same order in the TC front as it moves 
down to the base of the cell does not require MTs and should proceed by 
physical self-assembly. This hypothesis may be easy enough to be tested 
experimentally by looking more closely at the fluctuations in the popu- 
lation density of MTs over time. 

Recently, the existence of MTOC-like (microtubule-organizing cen- 
ter) activities in the cytoplasm of Chaetomorpha has been reported 
(Mizuta et al. 1995), which might eventually lead to the identification of 
the factors involved in locally regulating MT density in the siphonoclad 
algae. Another recent study by Mizuta et al. (1994) shows that the heli- 
coidal MF orientation, that is laid down in the absence of MTs, is sensi- 
tive to cytochalasin treatment, suggesting that actin probably also plays 
a role in MF patterns in an as yet undetermined way. 
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III. Comparative Morphology, Anatomy, and Function 
of the Stem and Root of the Flowering Plants 

By William C. Dickison 



1. Introduction 

This chapter provides a survey of recent research progress covering the 
morphology and anatomy of the stem and root of angiosperms (see 
Dickison 1992, 1994 for previous reviews in this Series). This is not in- 
tended as a comprehensive literature review discussing all that is known 
about these topics; rather, this new chapter was written to provide a 
broad overview of selected literature that updates the progress that has 
been made in these fields over the past 2 or 3 years. The major emphasis 
is on shoot and root architecture and biomechanics, as well as struc- 
tures, evolution, and function. The vast literature covering fossil plants, 
tissue culture, cytology, the phloem, the periderm, and regional, purely 
descriptive, or applied stem and wood anatomy is not dealt with. Also, 
the rapidly accumulating literature focusing on morphology and anat- 
omy at the level of molecular genetics is neglected. 

Notable books that have recently appeared include a volume entitled 
Xerophytes by Fahn and Cutler (1992). This is a part of the Handbuch der 
Pflanzenanatomie series, and anatomical features of the stem and root 
are explored in detail. A book on Barh the Formation, Characteristics, 
and Uses of Bark Around the World by Sandved et al. (1993) provides an 
informative account of this often neglected topic. A very timely biblio- 
graphy of systematic wood anatomy of dicotyledons was assembled by 
Gregory (1994) and gives botanists easy access to an extensive literature 
on this subject. Plant Stems: Physiology and Functional Morphology is a 
recent volume edited by Gartner (1995) and deals with such topics as the 
roles of stem architecture in plant performance, biomechanical optimum 
in woody stems, shrub stems: form and function, patterns of xylem 
variation within a tree and their hydraulic and mechanical conse- 
quences, and the relationship between stems and fibers. Growth Patterns 
in Vascular Plants by Iqbal (1994) is a largely angiosperm-centered vol- 
ume that contains 16 chapters by eminent scholars covering such topics 
as primary and secondary vegetative growth. 
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2. Interpretations of the Shoot (Organography) 

Rutishauser (1993) continued his studies on the extraordinary develop- 
mental morphology of the Lentibulariaceae by exploring the develop- 
mental plasticity of Utricularia aurea and its floats. Previous studies on 
this group have shown that the classic positional distinctions between 
shoot and leaf do not apply, and that during the evolution of Utricularia 
the process of homoeosis of the development programs of typical leaves, 
stems, and roots has occured. New evidence supports the view that 
leaves, floats and rhizoids, air shoots, water shoots, and inflorescences of 
this genus are partially homologous to each other. These structures may 
be seen as overlapping morphogenetic pathways that have some but not 
all developmental processes in common. Rutishauser and Grubert (1994) 
described the architecture and developmental morphology of the unique 
foliage leaves of the aquatic plant Mourera fluviatilis (Podostemaceae), a 
plant that shows a high degree of structural plasticity with a construction 
type that is not encountered elsewhere in the angiosperms, and that does 
not conform to the classical root-shoot model for higher plants. In order 
to cope with such fuzzy (i.e., not sharp) boundaries between structural 
categories, Rutishauser (1995) proposed using the concept of "fuzzy 
morphology", which treats categories such as leaf and stem as concepts 
without sharp boundaries. 

LaCroix and Sattler (1994) pointed to the shoot-like early develop- 
ment of the pinnate leaves of Murraya paniculata (Rutaceae) to support 
a homoeotic hypothesis for the origin of compound leaves in angio- 
sperms. This interpretation supports the "partial-shoot theory" of com- 
pound leaves, which is consistent with a continuum view of plant form 
according to which there is a continuum between leaf and shoot, as well 
as other morphological categories. The changes in seedling morphology, 
however, indicate that interpretations of the adult structure of Azara 
serrata (Flacourtiaceae) based on homoeosis are not useful (Charlton 
1994). On morphological grounds, the small "leaf is usually considered 
to be derived from an upper stipule, while the lower stipule is reduced. 
This interpretation is reinforced by the changes observed during seed- 
ling development. 

Sachs et al. (1993) presented a theoretical discussion in which plants 
are interpreted as competing populations of redundant organs. Accord- 
ing to these authors, a land plant may be a colony of functional sectors, 
each consisting of a shoot and its associated roots. The controls of vascu- 
lar orientation suggest that neighboring shoots and roots compete with 
one another, by means of signals indicating their state and their envi- 
ronment, for vascular contacts with the rest of the plant. Such internal 
competition between genetically equivalent shoots is an adaptation to 
heterogenous environments. A biophysical discussion of the molecular 
genetical bases of three prominent geometrical issues in shoot develop- 
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ment - form of shape, pattern, and organogenesis - is presented by 
Green (1994). 



3. Shoot Architecture 
a) Patterns of Shoot Growth 

Keller (1994) drew attention to often neglected architectural vegetative 
characters that may be useful in the field identification of woody plants. 
Of particular importance are features associated with phyllotaxy, serial 
buds, syllepsis, and architectural models. Study of tree architecture sug- 
gests that "Tomlinson’s model" should not be considered as a distinct 
architectural model, but rather as a variant with basitone repetition, 
likely to appear within most of the other known models (Cremers and 
Edelin 1995). The value of mathematical models in interpreting growth 
patterns in tree stems was demonstrated by Chiba and Shinozaki (1994). 
Prusinkiewicz et al. (1994) presented a mathematical model of the ex- 
panding architecture of Fraxinus pennsylvanica and emphasized the 
importance of identifying field data necessary to build a comprehensive 
model of plant architecture. The modeling process makes it possible to 
visualize shoot expansion and identify key architectural variables for a 
particular species. Architectural development of Viburnum dilatatum 
and V. wrighitti was investigated quantitatively by Yoda and Suzuki 
(1993a, b), emphasizing four stages of architecture formation: height 
growth, crown formation, crown expansion, and over mature form. 

Computer modeling helped Woodcook et al. (1995) in describing re- 
lationships between growth rate and crown morphology as induced by 
decline in beech {Fagus sylvatica). Results indicate that some of the 
symptoms reported for declining beech can be directly attributed to 
quantifiable changes in branch morphology related to reduced stem 
diameter and shoot elongation rates, probably in response to stress. A 
logistic model was created by Genard et al. (1994), that could be used to 
predict the relationship between sylleptic branching and components of 
parent shoot development in peach trees. Results on the relationship 
between the growth of an axis and the probability for it to branch syllep- 
tically agree with those obtained in previous studies. Work by James and 
Mantell (1994) on the woody perennial shrub, Solanum aviculare, is in 
agreement with previously published work, in which characters were 
found to be parameters of ontogenetic status. An analysis of primary 
growth of apple branches using the metamere dimension and foliariza- 
tion and axialization concepts was presented by Lauri and T^rouanne 
(1995). Rhythmic growth in ash {Fraxinus excelsior) was considered by 
Colling et al. (1995). 
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It is known that some species possess fully preformed shoots 
throughout their life cycle and, therefore, performation in the bud is the 
basis for the growth potential of the following season, and impacts di- 
rectly on crown architectural patterns. A consideration of shoot perfor- 
mation in clones of Fraxinus pennsylvanica in relation to site and year of 
bud formation was offered by Remphrey and Davidson (1994). The role 
of preformation of node number in vegetative and reproductive prolep- 
tic shoot modules of Persea (Lauraceae) was clarified by Thorp et al. 
(1994). In Persea, shoot modules with uniform node numbers are the 
precision building blocks of the architectural tree model. This study is 
the first to demonstrate predetermination of node number in both 
vegetative and reproductive buds of a tropical tree species. 

Relatively few data exist on shoot architecture of ephemeral herba- 
ceous perennials that flower early in the growing season in temperate 
forests. This void is partially filled by Walton and Hufford (1994), who 
characterized the diverse shoot architecture of Dicentra cucullaria 
(Papaveraceae). This species has both aerial and subterranean vegetative 
axes and the authors emphasize its phenological development and the 
homology of the swollen diaspores. Results demonstrated that the char- 
acteristic diaspores of this plant are not shoot axes with fleshy leaves; 
instead, they are unusual tubers formed by the expansion of leaf bases 
for starch storage. The following studies illustrate the influences of vari- 
ous diverse factors on plant architecture: genotype and temperature 
(Julier and Huyghe 1993), Light (Cornelissen 1993), the twisted stem 
condition (Thi^baut et al. 1993), axillary bud age (Marcelis-van Acker 
1994), and bud union and dwarfing (Soumelidou et al. 1994). 



b) Biomechanics 

Allometric studies relating to plant growth are increasing in the litera- 
ture. Allometry, the measure and study of variations in the relative 
growth of a plant in relation to the entire organism, has been used to try 
to explain the various aspects of stem growth and reproductive biomass. 
Scaling analyses (traditionally called allometry) of plant size and stem 
diameter have been the subject of a number of recent studies. Niklas 
(1993a) explored whether intra- and intertaxonomic size-correlated 
variations in form are interpreted in terms of plant height and repro- 
ductive biomass. Niklas (1993b) examined the statistical relation be- 
tween plant height and stem diameter for a broad taxonomic spectrum 
of species so that comparisons among clades and grades of plant ana- 
tomy could be made. Data indicated that currently available models to 
explain height are inadequate, principally in the assumption that plants 
of different size consist of the same tissue. Niklas (1993c) provided allo- 
metric descriptions of the relation between reproductive biomass and 
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stem diameter for 12 extant species. Analyses showed that intraspecific 
allometric scaling factors were dependent upon the manner in which 
plant stems taper. The evolution of tapered primary stems and second- 
ary growth was interpreted to alter reproductive allometry. Comparisons 
have shown that size-correlated changes in growth among unicellular 
and multicellular plants and animals obtain a 3/4-power rule. This 
means that, on average, growth rate is proportional to % power of body 
mass. Niklas (1994c) reexamined the empirical scaling relations among a 
number of variables that may bear on the 3/4-power rule for growth rate. 

Niklas (1993d) evaluated the influence of tissue density along with 
specific mechanical properties on the scaling of plant height. It was hy- 
pothesized that plant stature should be proportional to the density- 
specific stiffness and density-specific strength of tissues specialized for 
mechanical support. The scaling of plant height, therefore, can be 
evaluated in terms of how tissue types differing in these two mechanical 
parameters are used to construct stems. Niklas (1994a) discussed the 
allometrics of plant height and critical buckling height and provided 
evidence to support the view that ontogenetic variation in the tissue 
composition of a stem and interspecific differences in stem anatomy can 
alter the bulk density-specific stiffness of stems in a size-dependent 
manner. Furthermore, the critical buckling heights of a stem depend 
upon the relation of each type of tissue within the stem. As stems be- 
come taller, progressively stiffer tissues are incorporated into their 
stems. 

McGarry (1995) studied the cellular basis of tissue toughness in carrot 
{Daucus carota) storage roots and demonstrated that tissue toughness is 
inversely related to water potential. Although toughness varies with wa- 
ter potential during the early stages of growth, later the tissue toughens 
independently of changes in water status. It is probable that this increase 
is due to changes in the composition of individual cell walls. Van der 
Heijden et al. (1995) described a method to measure cell wall dimensions 
using the distance transform. With this method, is should be possible to 
test the hypothesis that differences in stem rigidity can be predicted by 
differences in cell wall dimensions. Another view of the response of 
woody plant cells to dehydrative stress is offered by Ashworth et al. 
(1993). Niklas (1994b) further reported the allometry of plant height and 
critical buckling height with respect to basal stem diameter. The safety 
factor against elastic buckling was found to be independent of plant size. 
This study reported that size-correlated variations in plant height de- 
termined critical buckling heights of stems. Spatz et al. (1993) described 
a device to measure the relationship between curvative and bending 
movements for hollow cylinders, such as stems, of different sizes up to 
the point of collapse. The relationships between height, diameter, and 
weight distribution of Chenopodium alba plants in monoculture stands 
were compared by Nagshima and Terashima (1995). Aspects of tissue 
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stresses in organs of herbaceous plants were examined by Hejnowicz and 
Sievers (1995a). Tissue stress (or growth stress) is defined as the stress 
which acts on a tissue layer in an organ in excess of the turgor. The 
longitudinal and transverse forces involved in tissues stresses and the 
stresses themselves were determined for the hypocotyl of Helianthus 
annus (Hejnowicz and Sievers 1995b), where changes in tissue dimen- 
sions were determined. 

Flexural rigidity, or resistance to bending loads, and torsional rigidity, 
or resistance to twisting loads, were measured in bamboo culms, three 
hardwood trunks, two softwood trunks, two vines, and pine roots (Vogel 
1995). The ratios of these rigidities were highest and relatively constant 
for bamboo and hardwood, slighdy lower for softwoods, and lower still 
for vines and roots. The evidence suggested that the high values for 
trunks and bamboos represent a functional adaptation, and conver- 
gence, related to the upright growth habit. At the cellular level of archi- 
tecture, McCann and Roberts (1994) presented a working model to ex- 
plain some of the molecular rearrangements that occur in wall ultra- 
structure during cell elongation. 



4. Stem Anatomy and Function 

a) Apical Meristems 

Bostrack (1993) addressed the old question of whether there is a rela- 
tionship between the size of shoot apices and morphological features of 
mature leaves and stems. It was found that among species that were 
studied, only elm showed a correlation between shoot apex size and the 
size of mature leaves. A hypothesis is proposed to explain the very large 
surface area of leaves on sucker branches. An important factor related to 
leaf size is believed to be the position relative to the direction of gravity 
and the root system. Sucker leaves will experience less water stress dur- 
ing ontogeny because they are closer to the ground and in a position to 
more directly access the supply of water, mineral elements, nutrients, 
and grovyrth factors from a massive root system. Lyndon (1994) exten- 
sively reviewed the complex topic of the control of organogenesis, con- 
sidering such fundamental questions as: (1) the mechanism of primordia 
formation, (2) what determines their size and localization, thus giving 
rise to a pattern, and (3) what determines the developmental pathways 
of the primordia once initiated? Changes in cell division patterns in a 
grass meristem during transition to flowering were the subject of study 
by Jacgmard et al. (1993). It is evident that changes to the normal pat- 
terns of cell division occur very early during the floral transition. Jeth- 
wani (1993) described the development and histochemistry of the apical 
meristems of Solanum tuberosum. 
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b) Structure and Function of Dicotyledons 

A comprehensive and critical review of terminology of outer and inner 
bark characteristics was presented by Junikka (1994). This compliments 
an earlier survey and discussion of the same topic by Trockenbrodt 
(1990). A general analysis of xylem cylinders of 448 species representing 
35 families of tropical lianas was presented by Caballe (1993). Polystelic 
and multiple stems are found in nearly 80% of American species exam- 
ined, as compared to less than 50% of African taxa. It is pointed out that 
upon reaching the canopy, the spreading of lianas shows two tendencies: 

(1) to occupy the support tree, which enables the liana to reach up into 
the canopy as densely as possible and form a massive leafy crown; and 

(2) to invade the neighboring tree crowns by the production of an axis 
which may be initially self-supporting and later may rapidly elongate to 
form smaller leafy units which become increasingly distant from each 
other. Interestingly, the first growth form mostly corresponds to species 
having single or entire vascular cylinders, whereas the second growth 
pattern is composed of species with predominantly partial or duplicated 
xylem cylinders, or a polycyclic or polystelic anatomy. The major pat- 
terns of anomalous secondary stem growth in the genus Serjania 
(Sapindaceae) were clarified by Acevedo-Rodriguez (1993). The com- 
parative anatomy of anomalous structures in the axes of 44 species of 
Chenopodiaceae was the subject of study by Hu and Yang (1994). 

"Heterogeneous growth" is defined as the different rates or patterns of 
growth in adjacent regions, in contrast to homogenous growth, where a 
region expresses a uniform rate or pattern of growth. Korn (1993) car- 
ried out a study that led to computer models illustrating examples of 
heterogeneous growth in which elemental rates and constraints are 
identified in order to examine how these two variables can be related in 
plant development. It is concluded that heterogeneous growth is more 
the rule than homogeneous growth in plant development. Maksy- 
mowych and Orkwiszewski (1993) presented data that substantiate the 
basic conclusion that the nodal region does elongate during growth of 
the Xanthium stem, but only in relatively minute rates. Contributions 
dealing with aspects of stem anatomy and its systematic and ecological 
significance in various groups include: Bignoniaceae (Siegert and Wag- 
ner 1993), Ericaceae (Middleton 1993), Fabaceae (Norverto et al. 1994), 
Pterostemonaceae (Wilkinson 1994), Vitaceae (He et al. 1994), and Zy- 
gophyllaceae (Sheahan and Cutler 1993). Karahara and Shibaoka (1994) 
confirmed previous reports that a Casparian strip is formed in the epi- 
cotyls of dark-grown seedlings of pea {Pisutn sativum), where it was 
found to have the same morphology and properties as the strip in roots. 
Although light does not control the formation of the Casparian strip in 
roots, the development of the strip controlled by light in epicotyls of pea 
seedlings, as evidenced by the fact that a strip is formed in rapidly elon- 
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gating internodes of light-grown seedlings when the plants are trans- 
ferred to dark. 

The Cactaceae were the subject of a comparative analysis of the vascu- 
lar systems (Altesor et al. 1994). The authors invoke the concept of 
heterochrony - evolution through changes in the rates of growth or de- 
velopment - to advance the idea that the evolution of succulence in cacti 
has followed selection for juvenile characteristics in woody tissue. Adult 
succulent cacti are regarded as "giant seedlings" from the point of view 
of the anatomy of their vascular bundles. The adaptive cost in this 
transition has been the loss of mechanical strength as the capacity to 
store water was selected into the group. Mauseth (1993b) observed that 
medullary bundles are absent from the pith of the leafy, relictual cactus 
genus Pereskia, but are present in most members of the subfamily Cac- 
toideae. Medullary bundles, along with a broad pith, appear to be 
relictually absent in the family and to be selectively advantageous in 
enabling plants to withstand water stress and in transporting water if a 
part of the stele is damaged. Part of the cortex of cacti consists of col- 
lapsible parenchyma cells that form a specialized water-storage tissue in 
which the cells have flexible walls (Mauseth 1995). 

Stem development and the occurrence of medullary bundles is also 
described in Croton glandulosus of the Euphorbiaceae (Hayden and 
Hayden 1994). The subterranean, monopodial caudex of Rhodiola rosea 
(Crassulaceae) has unilacunar, two-trace nodes, whereas its annual leafy 
flowering shoots have the more common unilacunar, one-trace nodal 
condition. This condition is regarded as being an advanced condition in 
this species as well as in the Crassulaceae in general (Hart 1994). Al- 
though the anatomy of mature lenticels in many plants has been de- 
scribed, only a few reports concerning the development of lenticels have 
been published. Kuo-Huang and Hung (1995) fill this void by describing 
the formation of lenticels on the branches of Ficus microcarpa. Like 
other submerged aquatics, the stem of Potamogeton praelongus contains 
large gas lacunae which provide a pathway for the transport of oxygen to 
the roots. Although the pathway is continuous down the stem, Schuette 
et al. (1994) pointed out that it is interrupted by thin perforated dia- 
phragms. These structures provide most of the resistance to the mass 
flow of gases, but contribute little resistance to diffuse gas transport. 



c) Structure and Function of Monocotyledons 

Tomlinson (1995) presented an in-depth discussion of the nonhomology 
of vascular organization in monocotyledons and dicotyledons. Com- 
parative systematic anatomical studies of rattan palms were carried out 
by Bhat et al. (1993) and Weiner and Liese (1993, 1994). Aspects of the 
comparative vegetative anatomy of orchids were investigated by Stern et 
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al. (1993b) and Kurzweil et al. (1995). In a study of the systematic anat- 
omy of apostasiad orchids, Stern et al. (1993a) cast serious doubt on the 
view that apostasiads could have given rise to the di- and monandrous 
orchids. Of the several suggested origins for orchids, Hypoxidaceae or 
plants similar to them are more likely ancestors. The anatomy of the 
rhizomes of some monopodial bamboos was decribed by Ding et al. 
(1993). The so-called basal plate of Narcissus bulbs is a very abbreviated 
stem axis which links the leaves and scales borne on its upper surface 
with roots which arise from its lower zones. Chow et al. (1993) described 
a similar achlorophyllous tissue at the base of shoot clump cultures, 
noting that the tissue resembled a basal plate in appearance, and in the 
presence of closely packed cells and numerous vascular traces. In shoot 
clump cultures, primordia were produced by meristematic zones at the 
surface of this achlorophyllous tissue, very close to the base of leaves. 
Rudall (1995) reported the first record of a secondary thickening meris- 
tem in some herbaceous taxa of Asparagales {Herreria montevidensis 
and Thysanotus spiniger). 



d) Parasitic Plants 

The anatomy of parasitic plants continues to be the focus of study. The 
highly reduced vegetative body of the subterranean, parasitic angio- 
sperm Helosis cayennensis (Balanophoraceae) was described by Hsiao 
and Mauseth (1993). The authors provide a general description of the 
plant body, along with an account of the internal structure of tubers and 
the host/parasite junction. The highly reduced body, which is a mixture 
of various characters of different organs, is interpreted in terms of ho- 
meotic morphogenesis. Another member of the Balanophoraceae, 
Langsdorffia hypogaea, was described by the same investigators (Hsiao 
et al. 1995). Like other balanophoraceous plants, the tuber has almost no 
ordinary stem structure, and often lacks an apical meristem, leaves, 
buds, epidermis, and an eustele organization of its vascular tissues. A 
descriptive account of the established endophyte of primary haustoria of 
the monotypic genus Ileostylus mkranthus (Loranthaceae) using both 
light and electron microscopy was provided by Condon and Kuijt (1994). 
Electron microscopical investigation of primary haustoria of Orobanche 
crenata parasitizing the roots of Vida narbonensis reveal an uninter- 
rupted phloem system connecting both partners (Dorr and KoUmann 
1995). Individual sieve elements belonging to the host and parasite could 
be identified cytologically and can be shown to be interconnected, and 
sieve pores to be definitely part of the interface. Yan (1993) discussed the 
process of mistletoe haustorial penetration on different host and non- 
host species and resistance to haustorial development. 
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5. Vascular Cambium and Secondary Growth 

Wloch et al. (1993) explored the relationship between wood grain pat- 
tern and the pattern of growth activity in the storied cambium of trees. It 
was discovered that the history of cambial development imprinted on 
the wood of broad-leaved trees may be read by investigating the cell 
arrangement in the layers bordering successive annual rings. A model is 
presented to explain the relationship between the off-season activity of 
cell events occurring in the cambium and the grain pattern of wood. 
Catesson and Lachaud (1993) reviewed cambium structure, function, 
and control. Catesson (1994) and Catesson et al. (1994) presented an 
excellent review of cambial cell ultrastructure and biochemistry and the 
changes that occur in relation to vascular tissue differentiation. There is 
a special focus on recent progress resulting from cytological and bio- 
chemical approaches to the study of seasonal changes in cell wall struc- 
ture and composition. Fahn (1995) examined the interesting hypothesis 
that the annual course of cambial activity is a permanent, genetically 
constant feature of each woody plant, that is retained by the species even 
when growing in an area different from its origin. Data are presented 
showing a correlation between the course of cambial activity and the 
phytogeographic origin of various plants growing in Israel. 

Lev-Yadun and Aloni (1995) assembled a notable review on the topic 
of differentiation of the ray system in woody plants. Among the topics 
discussed are rayless wood, ontogeny of the ray system, rate of cambial 
activity and ray characteristics, ecological conditions of ray size, the 
structure of vascular rays in climbers, rays in reaction wood, cambial 
domains and rays, regulation of ray differentiation, and the regulation of 
ray shape. Earlier papers by Lev-Yadun (1994a, b) presented additional 
evidence for the existence of autonomous radial signal flows of devel- 
opmental stimuli that participate in wood ray initiation and differentia- 
tion. Data presented by Ridoutt and Sands (1993) relating to within-tree 
variation in cambial anatomy and xylem cell differentiation in Eucalyp- 
tus support the notion that variation in fusiform initial length is an im- 
portant factor influencing fiber length in hardwoods. 



6. Root Architecture and Biomechanics 

The architecture and biomechanics of root systems have not received the 
same attention as shoots. A number of recent studies, however, have 
emphaszied this aspect of overall plant organization. The structural de- 
velopment of stem and basal anchorage root systems of wheat culitvars 
has been investigated and related to their mechanical functions (Crook 
et al. 1994). The mechanical properties of these systems were specifically 
examined throughout development and compared with overturning 
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forces generated by the weight of the plant which they must withstand. It 
was discovered that anchorage failure (root lodging) is more common 
than stem failure (stem lodging) in wheat. Safety factors against anchor- 
age failure and stem breakage decreased throughout the season rather 
than remaining constant. The strategy of structural development 
adopted by wheat is one which should maximize reproductive success. 
Most of the structural material is laid down early when the plants are 
growing rapidly, a pattern which gives high factors of safety against fail- 
ure. Gartner (1994) grew cherry tomato plants {Lycopersicon esculen- 
tum) with or without stem flexure similar to that caused by wind in or- 
der to determine whether stem flexure affects whole-plant biomass allo- 
cation, the root system as well as shoots, and increases the ability of a 
plant to withstand wind-induced forces. Flexed plants and controls did 
differ significantly in total leaf area, root length, or total biomass. Flexed 
plants had significantly higher root-shoot dry weight ratios and could 
potentially withstand more force in a windy situation because they have 
wider stem bases. The effect of mechanical impedance, the resisting 
pressure encountered by growing roots, on root growth and morphology 
in pea {Pisum sativum) was the subject of study by Tsegaye and Mullins 
(1994). Mechanical impedance increases with an increase in soil dry bulk 
density due to compaction, and it also usually increases as soil dries. 

Since 1970, the architectural analysis of woody plants has provided 
considerable information about structural and functional organization 
of tree crowns, their development, and reiteration patterns. Atger and 
Edelin (1994) are the first to extend the methodologies of crown archi- 
tectural analysis to tree root systems by comparing root and crown ar- 
chitectural patterns in woody plants. Jackson (1995) compared growth 
and root system structure and architecture in cultivated and wild lettuce. 
The development of the root system architecture of young peach trees 
{Prunus persica) was examined by Pages et al. (1993). In this study the 
authors focus on variations in growth and branching capacities, and 
show how these variations are structured by the branching order and 
position of the roots within the root system. Root system architecture of 
the rubber tree {Hevea brasiliensis) was the subject of study by Roux and 
Pagfes (1994). Newson et al. (1993) addressed the question of whether 
laterial roots of tomato are spaced by multiples of a fundamental dis- 
tance. Reid et al. (1993) published one of the few studies dealing with 
direct measurements of key root demographic parameters, such as lon- 
gevity, age structures of populations, seasonal patterns of production 
and death of roots, and the consequent differences between gross and 
net root production. Using kiwi fruit {Actinidia deliciosa), the authors 
report that the annual rates of root turnover may be the greatest yet re- 
corded. The plant apparently shows a well-developed ability to rapidly 
exploit transient, localized patches of relatively high nutrient availabil- 
ity. 
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7. Root Anatomy and Function 

The anatomy of the developing root of Arabidopsis was thoroughly de- 
scribed using conventional histological techniques, scanning and 
transmission electron microscopy (Dolan et al. 1993). A model of meri- 
stem activity is proposed that the authors hope will prove useful to fu- 
ture workers on this plant. Benfrey and Schiefelbein (1994) provided an 
introduction to root development in Arabidopsis and reviewed the mu- 
tations that are known to disrupt normal root development and physiol- 
ogy. The anatomical, cytological, and biophysical bases of root cell ex- 
pansion are considered by Pritchard (1994). It is clear that cell wall 
properties can change both during development and under different 
turgor pressures. Moore and Miller (1993) reported on the cellular dif- 
ferentiation in root caps of Zea mays that do not secrete mucilage. The 
authors concluded that the mutation that blocks secretion of mucilage 
from peripheral cells expresses itself later in cellular differentiation in 
root caps, is expressed only in primary roots of the ageotropic mutant, 
and is consistent with the malfunctioning dictyosome- and dictyosome- 
derived vesicles being the cellular basis for agravitropism of primary 
roots of this mutant. Zea mays root meristems were also the subject of 
careful examination by Luck et al. (1994), who showed that the apical 
meristem is composed of cells related by familial descent. It is demon- 
strated that deterministic patterns of cell division and elongation pro- 
vide a satisfactory description of the various patterns of cellular packet 
development in the maize root meristem. Root apex organization in 
Kaempferia scaposa (Zingiberaceae) is described by Kumar et al. (1992). 

Clowes (1994) presented an excellent review of the problems along 
with a reinterpretation of the structure and behavior of root meristems 
as related to the origin of the epidermis. The systematic distribution of 
different meristem types in angiosperms is emphasized, noting in par- 
ticular that the Nymphaeales are exceptional among the dicotyledons. 
As seen in the following studies, root structure and function have been 
investigated from varied perspectives. In a volume edited by Davis and 
Haissig (1994), an attempt has been made to sum up current knowledge 
of the cell and whole plant biology of adventitious root formation. De 
Klerk et al. (1995) determined the timing of the successive phases in 
adventitious root formation (dedifferentiation, induction, differentia- 
tion) in apple microcuttings on the principle that the phases have spe- 
cific hormonal requirements, in particular with respect to auxin and 
cytokinin. McKenzie and Peterson (1995 a, b) described the anatomy 
and physiology of what they call the root-browning process in Pinus 
banksiana and Eucalyptus pilularis. Growing tree roots are characteristi- 
cally brown with white growing tips. Browning has often been attributed 
to the deposition of suberin in various tissues, but these authors have 
shown that it is caused by the deposition of condensed tannins in the 
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walls of all cells external to the stele. They propose the term tannin zone 
for this region and discuss its unique anatomy and physiological prop- 
erties. 

Within monocotyledons, the anatomical ring-collapsing type of root 
contraction is very common. Piitz and Froebe (1995) provided the first 
overall view of the anatomical changes associated with the pulling and 
moving function of roots. A model is presented to explain contraction in 
terms of radial expansion and longitudinal shortening of cortical cells, 
resulting in underground plant movement. Contrary to all earlier mod- 
els, it is assumed that the inner cortical cells shorten actively and thus 
produce a pulling force. Although the shortening activity can be limited 
to the inner cells, it can also take place in the middle and outer cortical 
zones. However, the main activity of the middle and outer cortex is ra- 
dial expansion, which has nothing immediately to do with root shorten- 
ing. Radial expansion develops a force which results in a sideward 
pushing of the soil, and therefore makes movement easier. Piitz (1993) 
developed a special technique that made the study of movement affected 
by contractile roots possible. It was possible to show that bulb move- 
ment occurs by tilting and twisting, effected by the pulling force of con- 
tractile roots on one side of the bulb. 

Dinkelaker et al. (1995) discussed the morphology, morphogenesis, 
anatomy, and functioning of proteoid roots and other root clusters that 
develop along lateral roots of plants adapted to infertile soils. These 
structures are characteristics of most species of Proteaceae, and function 
in the acquisition of phosphorous and other mineral nutrients. Pneu- 
matophores are postulated to be organs of gas exchange, with gaseous 
exchange occurring through the lenticels. Hovenden and Allaway (1994) 
described a previously unreported structure on the pneumatophore 
surface which they call subrisules. Results indicate that these structures 
are responsible for nonlenticellular conductance of oxygen, which may 
have important physiological significance. Swollen, stalked, warty 
branches called tubercles form on the main elongated roots of species of 
the terrestrial orchid genus Apostasia. Stern and Warcup (1994) de- 
scribed the anatomy of these structures and suggested that they function 
as holdfasts and points of entry for mycorrhizal fungi, thus providing 
apostasias with certain selective advantages, such as enabling them to 
colonize areas of high soil moisture that might otherwise be unavailable 
as sites for growth. 

Ruter and Stern (1994) studied variation in numbers of velamen lay- 
ers and protoxylem poles in orchid roots in order to provide guidelines 
for systemic and comparative anatomical studies. They recommend 
sampling a level 40 to 45% distally from the root base to reach an ap- 
proximation of average velamen cell layer number and average protoxy- 
lem pole number. A study of Abeysekera and McCully (1994) focused 
attention on the epidermal cells of maize roots. The surface of young 
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epidermal cells of corn is composed of three layers, the inner layer, 
which is the outer epidermal wall, overlaid by a pellicle consisting of a 
thick, coherent inner layer, and a very thin, loosely organized outer 
layer. These results emphasize the structural differences between sites 
where anticlinal walls of different origin join the outer surface, and on 
possible differences in surface extensibility at each site. 

The structure and development of mucilage-crystal idioblasts in roots 
of five Actinidia species was examined by Z.-Y, Wang et al. (1994b). 
Young idioblasts are characterized by an absence of starch grains, large 
amounts of ER, and dense cytoplasm relative to that of adjacent paren- 
chyma. In all previously studied species crystals form after the central 
vacuole has developed. In Actinidia, however, raphide crystals are 
formed in individual vacuoles at an early stage of development. These 
small vacuoles subsequently fuse into the central vacuole, and mucilage 
accumulates around the raphide bundles. Z,-Y, Wang et al, (1994a) de- 
scribed the comparative root anatomy of Actinidia species in relation to 
rootstock effects on kiwifruit flowering. Stern et al. (1993c) noted that 
cortical root cells of the orchid subfamily Spiranthoideae contain spe- 
cialized amyloplasts (sprianthosomes) that appear to be unique in Or- 
chidaceae. Armstrong and Armstrong (1994) provided conclusive evi- 
dence of continuing cortical cell viability of nonlysed cells of lysigenous 
root aerenchyma. A study by Jackson and Hall (1993) examined possible 
links between polyamine and content and action in roots of Zea mays, in 
relation to aerenchyma development. Putrescine appears to limit aeren- 
chyma formation by suppressing ethylene action rather than its produc- 
tion. 

Schreiber et al. (1994) were able to successfully isolate the endodermis 
of Clivia miniata and characterize chemically the Casparian strip. Re- 
sults are in complete agreement with studies carried out during the last 
century in showing that the chemical nature of the Casparian strip in 
roots is that of a lignified cell wall, quite similar to lignified xylem ves- 
sels, Baluska et al, (1993) were able to show that the differentiation of the 
Zea mays root cortex into outer and inner cortical zones is a normal 
feature of maize root development, with the two cortical regions charac- 
terized by different cell dimensions, growth kinetics, as well as distribu- 
tion of cortical microtubules. The anatomical responses of roots to aging 
and severe water deficits and their capacity for subsequent initiation and 
growth of new lateral roots after rewatering are only partially known. 
The initiation and growth of lateral roots from bare steles of Cicer 
arietinum was the subject of an interesting study by Spaeth and Cortes 
(1995). It was shown that bare steles devoid of cortex were able to sus- 
tain growing root tips, indicating that the endodermis was effective in 
preserving stelar functions. Bare steles were able to initiate new lateral 
roots from the pericycle after rewatering, indicating that cortical tissue 
other than the endodermis was not necessary for secondary and tertiary 
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roots to initiate lateral roots. The anatomy of the vascular cylinder of 
pea primary roots {Pisum sativum) was examined by light and electron 
microscopy (Niki et al. 1995), with an aim toward elucidating the 
mechanism of vascular cavity formation. Roots grown at 25 °C showed 
rapid formation of metaxylem tracheary elements, concurrent with ac- 
celerated central xylem cell autolysis, permitted mechanical stress in the 
vascular cylinder to break weakened cell walls and consequently induce 
cavity formation. Vascular cavities do not occur in roots of plants grown 
at 10 °C because the low rate of cell degeneration coupled with less me- 
chanical stress. The maturation of xylem conduits in first-order branch 
roots of Zea mays was studied by X. L. Wang et al. (1994). The late 
metaxylem of branch roots of corn matures slowly and it is proposed 
that the closed ends of the xylem conduits restrict leakage from the more 
proximal regions, and also prevent their blockage by embolisms. The 
presence of mature late metaxylem elements open for unrestricted water 
conduction is consistent with the major role in water uptake assigned to 
the branch roots in earlier studies. 

Demchenko (1994) examined aspects of protophloem development in 
roots of Triticum aestivum and described formation of protophloem cell 
fibers, changes in cell length and the length of the division zone, number 
of mitotic cycles, and duration of differentiation and nuclear degrada- 
tion. The transition from the strictly defined anatomy of the primary 
root of Arabidopsis through the loss of both the dermal and ground tis- 
sue layers, to the steady proliferation of cells of the vascular cambium 
and the pericycle is described by Dolan and Roberts (1995). Lev-Yadun 
(1995) reported that vessel elements of the secondary xylem in roots of 
Arabidopsis are shorter than normal vessel elements at root branching 
junctions and that the vessels are formed after branching occurs. This 
suggests that the hormonal signal for shorter vessel elements is trans- 
mited only after the initiation of root branching. 

Root systems can undergo major adaptive changes during periods of 
drought stress and watering. Stasovski and Peterson (1993) studied the 
effects of drought and subsequent rehydration on the structure, vitality, 
and permeability of Allium cepa adventitious roots. Plants deprived of 
water show a centripetal pattern of root cell death (from the epidermis 
inward), a process that is arrested at the endodermis. The Casparian 
strip and suberin lamellae of the endodermis resist water movement 
from the stele of the root to the dry soil, allowing internal layers to sur- 
vive for up to 24 weeks in a medium containing no measurable free wa- 
ter. The effects of drought and flooding on root anatomy in four tropical 
forage grasses were reported by Baruch and Merida (1995). The most 
evident anatomical responses to flooding were the development of 
aerenchymatous tissue in the root cortex and the suberization of both 
exodermis and endodermal cells. Responses of individual roots and root 
systems to salinity were evaluated in a number of separate studies. It is 
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known that many mesophytes adapt to rootzone flooding by developing 
aerenchyma in the existing roots and forming new adventitious roots. 
Rogers and West (1993) reported on the effects of different periods of 
saline flooding on shoot and root growth of several species of Trifolium 
used for irrigated pasture production. Some species were found to de- 
velop a number of adaptive mechanisms that allow these species to 
maintain their growth in flooded saline conditions better than species 
which do not have the adaptations so well developed. Inhibition of plant 
growth by excess soil salinity is a widespread problem in agricultural 
practice. Neumann et al. (1994) concluded that cell wall hardening in the 
elongation root tips is an important component of root growth inhibi- 
tion induced by long-term salinization. Gersani et al. (1993) examined 
responses of individual roots of Opuntia ficus-indica to salinity. These 
authors found that roots exposed to short periods of moderate salinity 
stress maintained sufficient carbon sink strength for continued growth 
of the root. Cortical cells became shorter and lateral root development 
was substantially reduced as salinity increased. Results indicated that 
growth responses of roots exposed to moderate salinity depend on the 
portion of the root system under unstressed conditions. Such a strategy 
is advantageous for roots exploring environments heterogeneous with 
respect to salinity in both space and time. 

The effects of salinity on the development of primary tissues of cotton 
seedling roots {Gossypium hirsutum) were studied by Reinhardt and 
Rost (1995). Salinity stress was found to induce important developmen- 
tal changes in roots, such as a reduction in root growth rate and an in- 
duction of cells and tissues to initiate and complete maturation closer to 
the tip, except for the metaxylem. Salinity increased cellular vacuolation 
in all tissues and also caused a premature differentiation of protophloem 
sieve tube members, dense staining of endodermal and some xylem pa- 
renchyma cells, the positional compression of the maturation of proto- 
and early metaxylem tracheary elements, and the induction of lateral 
root initiations much closer to the root tip. Ultrastructural changes 
vdthin the endodermis of fig root tips in response to salinity was de- 
scribed by Golombek et al. (1994). One outstanding result of increased 
salinity is the development of many tubular invaginations into the 
vacuoles of endodermal cells. 

X. L. Wang et al. (1995) examined first-order branch roots of Zea 
mays by optical and electron microscopy and confirmed earlier reports 
that branch roots, and not the main roots, are responsible for most of 
the uptake of water in mature plants. Structural features that influence 
water and nutrient transport have been topics of a number of studies. 
Peterson et al. (1993) studied the main barriers to the movement of wa- 
ter and ions in young corn roots by observing the effects of wounding 
various cell layers of the cortex on the roots’ hydraulic conductivities 
and root pressures. Results indicated that the primary endodermis is the 
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main barrier to the radial movement of ions but not water. The major 
barrier to water appears to be the membranes and apoplast of all the 
living tissue. McCully and Mallett (1993) studied the branch root vascu- 
lar connections and bridges of Zea that function in nutrient recycling. 
Connections were observed by locating dyes and latex particles pulled 
into the connections by gentle vaccuum. The connecting complex is 
shown to be very extensive both around and along the main root, and is 
termed the root vascular plexus. It is suggested that pit membranes 
within the vascular plexus prevent air embolisms from entering main 
roots from the branches. As shown by Peterson and Moon (1993), lateral 
root development in onion is accompanied by a variety of anatomical 
and permeability changes in some cells of the adventitious root. Results 
show that the development of lateral roots causes a transitory, localized, 
apoplastic permeability in the exodermal layers. A rapid wound reaction 
involves cell division, and deposition of suberin and lignin occurs in the 
cortical parenchyma of the parent root. These changes, coupled with the 
expansion in diameter of the lateral root, combine to form a suberized 
junction between the parent and lateral roots and, in undisturbed root 
systems, this barrier is usually a barrier to apoplastic movement. There- 
fore, in roots with a mature exodermis, one would expect ion uptake to 
occur predominantly in the epidermis even when branches are present. 

Schneider and Carlquist (1995) and Schneider et al. (1995) described 
tracheary elements (perforate and imperforate) in roots of Nymphaea- 
ceae and advocate the use of SEM to detect the presence of vessel ele- 
ments. 



8. Wood Anatomy 

Mauseth and Fuji! (1994) developed an interesting method of infiltrating 
liquid resin into wood spaces for the purpose of clarifying structural 
details, such as vessel organization. Vessel casts over 15 cm long and 
revealing the details of several thousand constituent vessel elements 
have been obtained. Sass and Eckstein (1995) presented data on vari- 
ability of vessel size in beech wood that shows that vessel formation at 
the beginning of cambial activity is primarily controlled by internal fac- 
tors. The rainfall in the previous summer and autumn and in the con- 
temporary May had only a slight influence. Vessel formation towards the 
end of the cambial activity is strongly influenced by the July rainfall and 
is thus determined to a greater degree by external factors. Mauseth 
(1993a) discussed the diverse types of bodies and wood that have arisen 
in Cactaceae. Several evolutionary lines have retained an abundant, fi- 
brous wood that permits plants to be tall. In other phyletic lines, wood 
lacks fibers and almost all cells have thin, unlignified walls. This wood 
type offers excellent protection against cavitation, but little mechanical 
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support. Some genera produce a polymorphic wood, one type of wood 
while the plant is young and a different t^e when it is older (Mauseth 
and Plemons 1995). 

The following list contains a representative sampling of the compara- 
tive, systematic, and ecological wood anatomical literature of the past 3 
years: Anacardiaceae (Dong and Bass 1993); Aristolochiaceae (Carlquist 
1993), Asteraceae (Puttock 1994), Berberidaceae (Carlquist 1995a), 
Betulaceae ( A. Noshiro et al. 1994), Celastraceae (Archer and van Wyk 
1993), Coriariaceae (Yoda and Suzuki 1992), Droseraceae (Carlquist and 
Wilson 1995), Fabaceae (Patel 1995), Magnoliaceae (Liang et al. 1993), 
Myrtaceae (Patel 1994), Ranunculaceae (Carlquist 1995b), Sabiaceae 
(Carlquist et al. 1993), Santalaceae (Norverto 1993), Sapindaceae (Ade- 
ma et al. 1994), and Tiliaceae (Bhat 1995). Especially noteworthy studies 
of interspecific and intraspecific variation in ecological wood anatomy 
of Nepalese Rhododendron were published by S. Noshiro et al. (1995) 
and S. Noshiro and Suzuki (1995). The need to study a large number of 
collections to detect ecological trends was emphasized. Wood and stem 
anatomical evidence implicate Saururaceae, Aristolochiaceae, Lactori- 
daceae, and Piperaceae as paleoherbs close the origin of monocotyle- 
dons (Carlquist et al. 1995). 

The anatomy and ultrastructure of pith fleck-like tissues in some 
woody Rosaceae were examined by Rioux (1994). Saitho et al. (1993) 
studied the occurrence and morphology of tyloses and gums in vessels. 
A discussion of "wetwood" in Quercus is presented by Samo et al. (1995). 



9. Hydraulic Conductivity 

a) Stems 

Over the past two decades, the study of xylem structure and function 
relationships (hydraulic conductivity) has provided an active area of 
research, contributing unique new insights into the total biology and 
evolution of vascular plants. Recent research continues to document the 
steady interest in this area of plant anatomy. Schulte and Castle (1993a, 

b) used computational modeling techniques to study the poorly under- 
stood effects of scalariform perforation plates on the flow of water 
through vessels of Liriodendron tuUpifera. Vessel element models were 
developed for cells with and without scalariform perforation plates and 
details of the flow characteristics through the pores of the perforation 
plate are described. Results show that the perforation plate of this spe- 
cies accounts for only 8% of the resistance to flow through vessels be- 
cause the plate influences flow for only a short distance along the cell 
relative to its length. Although experimental work with other species 
suggests otherwise, data from Liriodendron indicate that contrary to 
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previous speculation, perforation plates do not necessarily create signifi- 
cant obstruction to the movement of water, particularly the scalariform 
plates of this species. The authors speculate, along wilii some previous 
investigators, that certain perforation plate types have no significanc in 
xylem function but remain in a few plant species because of a lack of 
selection pressure for their removal. Ranasinghe and Milburn (1995) 
suggested the possibility that pit membrane porosity is more critical in 
controlling hydraulic conductivity than conduit diameters and lengths. 

Some modern workers have pointed out that available evidence de- 
rived from a wide range of independent approaches warrants a critical 
reappraisal of the concept of tension-driven water transport as the ex- 
clusive mechanism of long-distance water transport in plants. This idea 
is reinforced by Zimmermann et al. (1994a), who presented evidence 
indicating that xylem tension in the leaves on intact, transpiring plants 
is often much smaller than that predicted for transpiration-driven water 
ascent through continous water columns. The cohesion-tension theory 
of water transport is also addressed by Smith (1994), who reviewed the 
published measurements of the cavitation threshold of water and ana- 
lyzed their relevance to xylem transport. Zimmermann et al. (1994b) 
suggested that the presence of high molecular weight polymeric sub- 
stances in the xylem sap of mangroves may play a critical role in water 
ascent, and in maintaining the continuity of the long-distance water 
transport pathway under fluctuating environmental conditions. 

Studies on plant water transport have relied widely on measurements 
of tracheary element diameter to estimate flow rate and other hydraulic 
characteristics. Since the Hagen-Poiseuille equation is also employed to 
estimate axial resistance using tracheary cell diameter, the fourth-power 
relationship between axial resistance and the diameter of the conducting 
cells means that any slight error made in the measurement of the diam- 
ter will be amplified when the diameter is used to estimate resistance. 
Mapfumo (1994) emphasized this fact, and pointed out that different 
methods of measuring the diameters of conducting cells produces sig- 
nificantly different results. He recommended using the "four axes" 
method of measurement so that the introduction of error can be elimi- 
nated or kept to a minimum. Lewis and Boose (1995) further empha- 
sized that the Hagen-Poiseuille equation used with hydraulic diameter 
underestimates the volume flow rate for laminar flow through conduits 
even with ideal shapes. These authors discuss the errors in common 
approximations of the volume flow rate for laminar flow through con- 
duits with noncircular sections, and recommend using exact solutions 
whenever possible. The vulnerability to cavitation of plant xylem has 
been recognized as one of the most significant factors in determining the 
overall resistance of plants to water stress. The relationships between 
conduit diameter and water-stress-induced air embolism in Salvia mel- 
lifera was examined using a double staining technique (Hargrave et al. 
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1994). This study supports the idea that narrow vessels and tracheids 
provide an interwoven auxiliary transport system that is of importance 
when many of the wider, more efficient conduits become embolized. Lo 
Gullo and Salleo (1993) found different capabilities of the xylem con- 
duits of Quercus ilex to recover from freeze- and summer drought- 
induced embolism. Stress was positively related to the conduit diameter 
in plants subjected to summer drought, but not in plants subjected to 
winter freezing stress. The capability of xylem conduits to recover from 
freezing or to recover from summer stress was quite different. Lo Gullo 
et al. (1995) further discussed the overall vulnerability to embolism of 
Quercus cerris in terms of xylem conduit dimension width, such as 
length and distribution of conduit ends. 

Magnani and Borghetti (1995) provided additional observations on 
the widespread occurrence of freeze-thaw-induced embolism in woody 
plants {Fagus sylvatica) and hypothesized about the active role of rain- 
fall in embolism reversion by xylem refilling. The relationship of sto- 
matal function and xylem cavitation is addressed by Sperry et al. (1993) 
and Hacke and Sauter (1995). Schultz and Matthews (1993) studied the 
effects of shading on the hydraulic conductance of the pathway for water 
flow the roots to leaves. Sperry and Saliendra (1994) outlined a tech- 
nique making it possible to measure the entire cavitation response on a 
single axis. The authors used this air-injection method of obtaining vul- 
nerability curves from single stems to investigate the nature of variation 
in cavitation tension within and between individuals of a single species. 
It was found that juvenile xylem retained hydraulic conductance to a 
much higher xylem tension than did adult xylem, which would facilitate 
drought survival during establishment. Boari and Malone (1993) pro- 
posed the interesting concept that wound-induced hydraulic signals 
could form part of a widespread mechanism for coordination of the 
plant response to localized stress. 



b) Roots 

Over the past 20 years, our knowledge of the hydraulic architecture of 
trees has increased and a number of hypotheses have been proposed to 
explain how trees might be designed hydraulically to enable them to 
cope with periods of drought. One of these hypotheses is called the plant 
segmentation hypothesis, a proposed mechanism that permits plants to 
shed expendable distal components of their shoots while preserving 
other parts that represent years of carbon investment. Leaf shedding is 
one potentially cost-effective way for plants to deal with drought stress 
by a plant segmentation mechanism. 

Tyree et al. (1993) provided the first study documenting that drought- 
induced leaf shedding is preceded by cavitation in petioles before cavi- 
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tation in stems due to vulnerability segmentation. In Juglans regia, the 
petioles have lost 87% of their maximum hydraulic conductivity before 
leaf shedding, but stems have lost only 14% of their conducting capacity. 
Tyree and Alexander (1993) concluded that branch junction constric- 
tions to water flow contribute less to plant segmentation than the varia- 
tion in leaf- specific conductivity in the crown of trees. Young and Tyree 
(1994) provided the only study with data comparing leaf resistance to 
water flow to xylem resistance to water flow in whole shoots. Results 
support earlier studies that inidcated that the larger fraction of the xy- 
lem resistance of shrubs was in the branches, and smaller were in trunks 
for most trees. Vascular development and water flow in apple pedicels 
was examined by Land and Ryan (1994). 

A number of studies compared hydraulic architectural features 
among plants of different growth habit or particular ecological or 
physiological category. Patino et al. (1995) compared hydraulic architec- 
ture of woody plants of different growth form, especially free-standing 
and hemi-epiphytic species of Ficus, and noted that there may be general 
relationship between conductivity values and plant size. Short species 
may have lower conductivity values than tall or long species. Zotz et al. 
(1994) described hydraulic architecture, water relations, and vulnerabil- 
ity to cavitation of Clusia uvitans, a C^-CAM tropical hemiepiphyte; Co- 
chard et al. (1994) investigated a tropical vine-like bamboo {Rhipidocla- 
dutti racemiflorum); and Ellison et al. (1993) described the halophyte 
Salicornia europaea. Water potentials for developing cladodes and fruits 
of a succulent plant were outlined by Nobel et al. (1994). Developing 
cladodes have lower water potentials and developing fruits have higher 
water potentials than the underlying cladodes of the widely cultivated 
prickly pear cactus, Opuntia ficus-indica. As the plant water content 
decreases during drought, the supply of water provided by the water- 
storing parenchyma of the cladodes can buffer water loss from the pho- 
tosynthetic tissue. 

The dimorphic root systems of South West Australian species of Pro- 
teaceae were the subject of study by Pate et al. (1995). Species of the nu- 
trient-impoverished sandplains of SW Australia possess a dimorphic 
root pattern composed of superficial lateral roots that exploit nutrient- 
rich surface layers of soil during the wet season and deeply penetrating 
sinker roots that tap underground sources of water during the dry sea- 
son. Following a careful study of conductance features, specific hydrau- 
lic conductivity, and xylem anatomy, the authors were able to show that 
this system provides an effective low resistance pathway for water trans- 
port over considerable distances, and when upper regions of the soil dry 
out in early summer, it supplies all water required for transpiration, dry 
matter production, and expansion of new tissues. 

To help understand root function for desert plants at different levels 
of water availability, various aspects of root growth, structure, and hy- 
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draulic conductivity were examined in a collection of studies focused on 
desert succulents. Huang et al, (1993) discussed the effects of soil sheaths 
on water movement between roots and soil. The influence of hydraulic 
conductivities of main root-lateral root junctions and along lateral roots 
of cacti and of Agave under changing soil water status was investigated 
by North et al. (1993) and Huang and Nobel (1993). Increases in radial 
conductivity occurred for root junctions of both species during drying 
because of local disruption of suberized tissues. Such increases where 
countered by decreases in axial conductance due to embolism and 
blockage by tyloses. During rewetting, axial flow is largely restored and 
radial water uptake is high at sites of new root growth. Such morpho- 
logical and physiological responses of lateral roots to soil water avail- 
ability are important for desert plants that face long periods of drought 
and sporadic rainfall. Layers of concentric root tissues were successively 
removed by North and Nobel (1995), and the radial hydraulic conduc- 
tivity was determined for the component tissues. The influence of 
suberized tissues on the radial movement of water was noted, especially 
during root development and during soil drying. Nobel et al. (1993) ad- 
dressed the relationships between aboveground productivity of agaves 
and root properties such as distribution, growth, respiration, and hy- 
draulic conductivity. Muyi and Nobel (1994) noted that there is a large 
decrease in root hydraulic conductivity at lower temperatures and that 
this is largely responsible for the accompanying decrease in cladode 
tissue water content. Such a net loss of cladode water is apparently es- 
sential for certain cacti to survive seasonally cold periods. In a study of 
xylem development in relation to water uptake by roots of grapevine, 
Mapfumo et al. (1993) documented that multiple linear regression 
showed a strong negative relationship between axial resistance and ei- 
ther root diameter or distance from the root tip. The use of individual 
vessel diameters gave a more accurate estimate. Mapfumo et al. (1994) 
provided insight to the relative importance of main roots and lateral 
roots in water uptake and conductance. A significant positive correlation 
was shown between main root diameter of grapevine {Vitis vinifera) and 
the diameter of first-order lateral roots of well-watered plants, but in 
water-stressed plants the two were not significantly correlated. Calcula- 
tions of axial resistances based on xylem diameter measurements sug- 
gest that the axial resistance of root segments may not be uniform along 
roots, as is often assumed in models of water uptake. 
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B. Physiology 

I. The in Situ Analysis of Intracellular Aluminium 
in Plants 

By Denis B. Lazof, Jack G, Goldsmith, and Richard W. Linton 



1. Aluminium, Plant Growth, and Crop Productivity 

Aluminium toxicity is a major factor limiting crop productivity world- 
wide (Bennet and Breen 1990). It is particularly a problem in highly 
weathered soils, where Al in the acidic subsoil presents a chemical bar- 
rier to deep root penetration (Hammel and Summer 1989), increasing 
susceptibility to drought (Sartain and Kamprath 1978). This is true for 
traditional high-input agricultural systems and even more so for low- 
input, nonirrigated sustainable systems. Additionally, genotypes which 
are drought- resistant have been found to be Al-tolerant (Foy 1988; 
Goldman et al. 1989). Because of its agricultural importance, Al toxicity 
has been intensively studied. Nevertheless, there is still no consensus on 
the primary mechanisms of Al toxicity or on the mechanistic basis for 
differential genotypic sensitivity. 

a) In Situ Analysis of Intracellular Al 

The role of intracellular Al is of primary interest in Al-toxicity research, 
since the exclusion of Al from root cells might be the most fundamental 
mechanisms of Al tolerance (Bollard 1983; Taylor 1987; Gumming and 
Taylor 1990). Given this possibility, questions central to the discussion 
of Al toxicity research include: 

1. to what extent and within what time frame Al is absorbed by root 
cells, 

2. whether there is a different magnitude of intracellular accumulation 
in Al-sensitive and -tolerant genotypes and 

3. whether Al interferes with cellular metabolism, directly promoting 
some of the symptoms of Al toxicity. 

In the past, there was little evidence indicating that any Al was absorbed 
into cells during the first few hours of exposure, even through numerous 
physiological responses have been observed within the first hour of ex- 
posure to moderate Al’* activities (Rengel 1992b). Such evidence has 
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been difficult to obtain due to the necessity of detecting minute intracel- 
lular levels in the presence of apparently higher levels in the cell wall 
(Taylor 1995), The temporal lag between detection of Al effects and evi- 
dence of intracellular Al led to the suggestions that Al-toxicity effects 
might be mediated either through signal transduction from the 
apoplasm (Kinraide et al, 1992, 1994; Rengel 1992a, b), or from remote 
cellular sites in the root cap (Rennet et al, 1985a, b; Rennet and Rreen 
1990), Intracellular Al would not necessarily play any role, then, in the 
primary plant response to Al toxicity. Rather, entry of Al into cells of the 
intact root might represent only aftereffects of compromised mem- 
branes and cellular damage. As Rengel (1992a) pointed out, critical 
evaluation of the role of intracellular Al in the Al-toxicity response re- 
quires the application of microanalytical techniques. The first step in 
this evaluation would be determination of the extent to which Al accu- 
mulates in specific cell types and tissues; namely, in those where 
physiological processes are inhibited by addition of Al to an external 
medium, 

A new methodology using secondary ion mass spectometry (SIMS) 
for the detection of intracellular Al in situ in plant roots has been devel- 
oped and applied to freeze-dried cryosections of soybean root (Lazof et 
al, 1994a, 1996b), The method involves quench-freezing, cryosectioning, 
freeze-drying, SIMS analysis, and post-SIMS image ratioing for 
semiquantitative estimates of Al in plant tissues and cells (Lazof et al, 
1994a, b). The SIMS Al-toxicity studies have provided the first direct 
evidence that Al accumulates in root cells after Al exposures as short as 
30 min (Lazof et al, 1994a) and within various developmental regions of 
the root (Lazof et al, 1996b), This clearly falls within the time frame of 
widely reported early responses (e,g,, Rengel 1992a) and lends support to 
the concept that intracellular Al may exert a direct effect on cell metabo- 
lism (e,g,, Taylor 1988, 1991), Here, following discussion of the physio- 
logical context, previous microanalytical studies and techniques are 
discussed. The SIMS approach is compared to other, less direct methods 
which have been employed to measure Al absorption in root cells. The 
opportunities and limitations of the SIMS technique for furthering our 
understanding of Al-toxicity and Al-tolerance mechanisms are then dis- 
cussed. 



b) Might Intracellular Al Play a Direct Role in Al Toxicity? 

As suggested in a recent review, SIMS analysis may represent the first 
technique to provide reliable evidence that Al does, in fact, enter root tip 
cells during a brief exposure (Delhaize and Ryan 1995), The inhibition of 
root growth has long been considered a primary response to Al, Thus, 
the new evidence of cellular absorption suggests that intracellular Al 
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might be directly involved in mechanisms of Al toxicity, while exclusion 
of Al from cells might be a critical parameter for Al tolerance. However, 
a few investigators have raised doubts about the SIMS approach to intra- 
cellular Al absorption and recent findings. Before discussion of previous 
work on intracellular Al and technical aspects of microanalytical Al de- 
terminations, four criticisms (two cell-biological and two whole-plant 
physiological) are presented and discussed briefly. 



a) Cell Biological Considerations 

Two cell-biological challenges have been raised against the possibility of 
intracellular Al being an important factor in the Al toxicity of plants: 

1. the difficulty of conceiving of a physiologically active form of Al in 
the plant cytoplasm (e.g., Foy 1988) and 

2. the correlation which has been shown between {Af*} at the extracellu- 
lar face of the epidermal cell membrane with Al-toxicity (Kinraide et 
al. 1992, 1994). 

It is quite correct that there is presently no information available on the 
chemical speciation or the specific binding of Al inside plant cells and 
also that it is difficult to conceive of "significant" free Al’* at pH 6.5 in the 
plant cytoplasm (Foy 1988). While the speciation and binding of Al in- 
side plant cells has not yet been determined, evidence does exist that Al 
can effect biochemical processes at submicromolar [Al]^^. For example, 
Shi et al. (1993) demonstrated that internal concentrations in the nmol 
range [nmol (gfr. wt.)'‘] were effective in disruption of the phosphotide 
inositol pathway (using permeabilized neuroblastoma cells). Picomolar 
levels of Al can prevent Mg’* binding to regulatory sites required for 
tubulin assembly (Macdonald et al. 1987). Even bound forms of Al can 
be active metabolically. For example, virtually all Al, added at a micro- 
molar level to blood plasma, remained bound to citrate with no binding 
to PO/’ groups (Ohman and Martin 1994), yet when the Fe-carrier 
transferrin was added, Al was transferred to the active sites of ferritin 
(Martin 1986). Similarly, Schofl et al. (1990) demonstrated that Al binds 
specifically to inositol trisphosphate (PIP3), which has a 10‘-fold higher 
affinity for Al than does ATP. Even at near-neutral pH, Al has been 
found to coordinate specifically with certain proteins altering tertiary 
conformation, changes which have been implicated in the onset of neu- 
rological disorders (Hollosi et al. 1994). Likewise, once Al is in a cell, 
effects on the fluidity and transport processes of organellar membranes 
would apparently not be prevented by pH neutrality (Sect. l.c.p). 
Therefore, while little information is available on Al speciation within 
cells, results from a variety of systems suggest that metabolic effects due 
to Al are possible even within a cytoplasm-like environment. 
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With regard to the second objection, it should be noted that the 
authors of a key piece of research implicating extracellular Al at the 
plasma membrane surface explicitly stated that the correlation of {Al’*} 
at the plasmalemma with with toxicity effects did not necessarily mean 
that extracellular Al was responsible for the toxicity (Kinraide et al. 
1992). Absorption of Al into cells would depend on the presence of Al’* 
at the extracellular face of the plasma membrane, whether or not this 
extracellular Al is involved directly in toxicity responses. Similarly, evi- 
dence of the occurrence of intracellular Al (Lazof et al. 1994a, 1996b), 
even if correlated positively with Al-toxicity effects, does not rule out 
toxicity being mediated by extracellular At with the intracellular ab- 
sorption of Al being coincidental. 

Two points should be kept in mind about the possible importance of 
extracellular Al. First, given the known effects of Al on phospholipid 
membranes, it is likely that the integrity of epidermal plasma mem- 
branes, at least, are compromised by the presence of extracellular Al 
(Sect l.c.P). Furthermore, specific interactions of Al ions with particular 
membrane proteins in situ remain hypothetical, even though rapid ef- 
fects on specific conductances have been reported for some cells (e.g.. 
Olivette et al. 1995). More experimental results are required before the 
importance of excluding Al from root cells can be fully evaluated. This 
would be facilitated by analysis which could determine both extracellu- 
lar and intracellular effects. It is possible that Al directly affects cell 
function in cells where there is no apoplastic Al. For example, the Al- 
induced inhibition of Ca’* translocation (Clarkson and Sanderson 1971; 
Huang et al. 1993a, b) might represent one such case, if it were shown 
that Al is delivered to the stele symplastically and is present only in the 
symplasm. It has already been shown that intracellular Al accumulates 
within stelar cells during the first 4 h of Al exposure, although a strictly 
quantitative comparison to cell wall binding was not possible (Lazof et 
al. 1996b). In the remainder of this chapter the current state of knowl- 
edge regarding the cellular absorption of Al is evaluated to assist in 
judgement of whether cellular Al exclusion remains a viable hypothesis 
for Al tolerance in plants. 



P) Whole Plant Physiological Objections 

A few investigators have suggested that the findings of the two Al-SIMS 
studies (Lazof et al. 1994a, 1996b) may be physiologically irrelevant 
since: 

1. measurement of the early entry of Al into cells is irrelevant since ini- 
tial plant responses are reversible, and not correlated to genotypic Al 
sensitivity and 
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2. localization of Al is of limited importance, since only one root region 
and one type of tissue is involved in the Al-toxicity response (i.e., the 
root tip). 

This first criticism implies that the high sensitivity of SIMS is unneces- 
sary, since a longer Al exposure (days) would be the only treatment rele- 
vant to issues of Al toxicity and tolerance, and since such an exposure 
would result in higher levels of intracellular Al. The second criticism 
implies that, at most, microlocalization of Al would be of some value in 
determination of intracellular Al levels in the root tip, but at no other 
locations in the root. These criticisms are discussed in Sections l.c and 
l.d, respectively. 



c) Studying Early Effects at Low Exogenous Al Levels 

Despite intensive research, the mechanisms of Al toxicity are not well 
understood. However, it is known that a wide variety of plant processes 
are disrupted in the presence of rhizospheric Al (Foy et al. 1978; Taylor 
1988; Bennet and Breen 1990). Many of the early studies were conducted 
over weeks at unrealistically high Al levels (> 1 mM) in order to enhance 
expression of toxicity symptoms to detectable levels. The application of 
high and prolonged Al exposure, however, also gave increased oppor- 
tunity to cell damage and, thereby, to the entry of Al into root cells by 
means not pertinent to conditions encountered by roots growing 
through soil (Sect, l.c.p). However, there is now an increasing body of 
evidence indicating that specific metabolic processes are disrupted after 
exposure to moderate levels of Al, many of these occurring wihtin an 
early time frame. After more prolonged and generalized metabolic de- 
cline, many physiological processes might be significantly altered via 
indirect effects. Investigation of the early responses would most likely to 
lead to identification of the physiological processes responsible for Al 
toxicity (Rengel 1992a). Logically, a tolerant genotype might be assumed 
to acquire some protection against the primary cellular disruptions, 
minimizing secondary Al effects and those associated with general 
metabolic decline. 

Setting an arbitrary (but liberal) standard for what constitutes a mod- 
erate Al level (< 150 pM {Al’*}) and an early time frame (< 6 h) for a pri- 
mary response, the documented evidence of Al effects on physiological 
processes would include those on cell division (Clarkson 1965, 1969; 
Horst et al. 1983; Wallace and Anderson 1984), root elongation (Wallace 
and Anderson 1984; Ownby and Popham 1989; Ryan et al. 1992), nutri- 
ent uptake (Miyasaka et al. 1989; Lindberg 1990; Nichol et al. 1991; 
Huang et al. 1992; Lazof et al. 1994c), net current flux (Kochian and Shaff 
1991), callose production (Miyasaka et al. 1989; Weis and Haug 1989; 
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Horst et al. 1991), membrane potential (Lindberg et al. 1991; Olivetti et 
al. 1995), and the ultrastructure and secretory activity of root cap cells 
(Bennet et al. 1985a, b; Puthota et al. 1991; de Lima and Copeland 1994). 
There can be little doubt that exposure of intact roots to micromolar 
external { Al’^} leads to metabolic disruptions within the first few hours. 

The condition of both short-term Al exposure and that of exposure to 
moderate levels of Al necessitates the detection of low Al levels in root 
tissue, perhaps levels more dilute than the external medium [for exam- 
ple < 50 nmol (gfr. wt.„)‘‘ in solutions of 50 pM {Al’*}]. Furthermore, the 
necessity for microlocalization studies of absorbed Al is obvious for the 
characterization of toxicity responses, such as the inhibition of cell divi- 
sion, or the effects on nutrient delivery to (or loading into) the xylem, 
processes which occur at some distance from the root surface. Critical 
analyses, therefore, are likely to involve detection of minute levels of Al 
in a specific location within the plant organ, i.e., they necessitate a mi- 
croanalytical approach. 



a) Relevance of Initial Effects to Whole-Plant Response 

Parker (1995) argued that, at a given {Al’*}, a more tolerant genotype 
might be able to respond to the primary Al assault so as to restrict pro- 
longed Al entry into the cell, by some means either not available to, or 
not as effective in an Al-sensitive genotype. Five genotypes of wheat 
tested exhibited similar inhibition-acclimation patterns (12 h acclima- 
tion). However, these very results clearly showed that both the initial 
effect and acclimation were indicative of relative genotypic tolerance at 
any given level of external Al. For instance, an initial 70% inhibition was 
shown for Al-sensitive Scout 66 at 3 pM Al, while Al-tolerant Titan 
showed no inhibition (within the ± 10% variation shown prior to treat- 
ment) at 4 pM (his Fig. 6). Nonetheless, it was concluded that "excessive 
attention has been paid to the earliest responses, obscuring the physio- 
logical events that actually explain soil tolerance, at least in wheat", im- 
plying that if intracellular Al accumulation were important, this would 
only be so following the acclimation period. 

There are confusions in Parker's arguments. First, rapid effects on 
root elongation are due to effects on cell expansion, not on cell division. 
However, effects on cell division can have no effect on root elongation 
before the altered population of cells which are capable of expansion has 
moved into the zone of rapid cell expansion, or until several cell cycles 
have elapsed (ca. 18-25 h/cycle, Clarkson 1969; Powell et al. 1986). This 
lack of contribution from concurrent cell division to root elongation 
rates has been demonstrated in root-marking experiments, in which 
only 1-3% of the root extension during 4h was contributed by the 0- 
1 mm apical segment in corn roots (Sharp et al. 1988). Similarly, accli- 
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mation detected as restored root elongation within a matter of hours 
must be due to restored cell expansion, since cell divisions effects would 
not be macroscopically evident. What if genotypic mechanisms of Al 
tolerance mainly involve protection of the cell division process? Would 
the eventual restoration of cell expansion, at its maximum in a zone 
several milimeters basal to the apex, have any bearing at all on cell divi- 
sion at the meristem? Obviously, even accepting the rapid effects on root 
elongation as outlined by Parker, there is absolutely no reason that the 
inhibition on cell division should not be due to Al entry into meristem- 
atic cells. Nor is there any reason that the entry of Al into merismatic 
cells should not begin within minutes after exposure to Al and, possibly, 
be related to the extent that cell division is altered in a given genotype. 
In point of fact, the inhibition of cell division was long ago suggested to 
be a primary response to Al (Clarkson 1969) and this has, to our knowl- 
edge, never been disputed in either a research report or review. 

There does appear to be strong evidence that, at least in wheat, there 
is some acclimation period, during which tolerant genotypes are appar- 
ently induced to exude malate (Basu et al. 1994; Ryan et al. 1995a, b). 
The exudation of malate and chelation of Al’^ in the rhizosphere is 
probably one mechanism of Al tolerance in plants. However, there still 
remains a good deal of doubt whether the amounts of excreted malate 
could build up to the levels which have been shown to be necessary to 
restore root elongation rates (Ryan et al. 1995a). This restoration of root 
elongation apparently requires a level of 20 |iM malate for low-salt Al- 
sensitive wheat roots (inhibition by 3 )lM Al, Ryan et al. 1995a) or 
500 pM malate for wheat roots growing in a complete nutrient solution 
(inhibition by 100 pM Al, Basu et al. 1994). The time required for in- 
creased exudation of malate has been shown to range from a few min- 
utes (Ryan et al. 1995a), to a couple of hours (Delhaize et al. 1993b), or to 
2 days (Base et al. 1994). Alternatively, some earlier reports posited that 
internal malate pools or turnover of those pools might be the critical 
mechanism of malate protection based on large changes in malate con- 
tent of roots after "acclimation" (Foy et al. 1990), or that maintenance of 
higher levels in the more tolerant genotype during Al stress (Suhayda 
and Haug 1986), even though an internal role for malate has been dis- 
puted more recently (Delhaize et al. 1993b). Even if malate exudation is 
demonstrated to be an important tolerance mechanism, this would not 
imply that there were no other important mechanisms for Al tolerance. 
These might be either constitutive or inducible. In fact, taken as a whole, 
the studies of malate excretion suggests that acclimation occurs within a 
few minutes, since the malate concentration would need to build up only 
in the rhizosphere, or perhaps in the mucilage. Two of the three reports 
with data relevant to the issue of response time have results consistent 
with the concept that only minutes are required (Delhaize et al, 1993b; 
Basu et al. 1994). Still, why not conduct all studies of Al toxicity after 
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allowing for adequate acclimation? What evidence exists that there may 
be widespread cell damage after prolonged A1 exposure and, therefore, 
numerous indirect effects? 



P) Prolonged Al Exposure, Cell Damage, and Physiological Conditions 

Within minutes of exposure to micromolar levels of Al, cell membranes 
undergo several alterations, including those related to fatty acid packing 
(Oteiza 1994), membrane fluidity (Deleers et al. 1986; Weis and Haug 
1989), phase separation (Deleers et al. 1985), and transmembrane diffu- 
sion (Deleers et al. 1986). Event though "Al interactions with the cell 
membrane must be an initial stage of Al toxicity" (Weis and Haug 1989), 
these interactions do not seem to immediately compromise membrane 
integrity (Banks and Kastin 1989). Over longer exposures (1 to several 
days), however, the alterations in membrane conformation lead to in- 
creased peroxidation of membrane lipids and free radical formation 
(Gutteridge et al. 1985; Erasmus et al. 1993; Olanow 1993; Oteiza 1994). 
While most of this research has been carried out in animal systems, the 
results ought to be equally relevant to the plant cell membrane, for the 
relevant reactions are neither enzymatically mediated nor restricted to 
phospholipids uniquely animal. In fact, Horst et al. (1991) found that net 
lipid perioxidation in soybean root tips was increased twofold after 32 h 
of exposure to 40 |xM Al. While these authors did not examine lipid per- 
oxidation in other regions of the root, conditions favoring lipid peroxi- 
dation (low pH and the presence of apoplastic Al) would be identical for 
cell membranes throughout the root, at least for cells at the root periph- 
ery. 

Lipid peroxides and free radicals are intimately related, each eliciting 
renewed formation of the other in chain reactions (Yagi 1993). Once free 
radical species are formed in such chain reactions, cell injury and death 
results specifically at the cellular site of formation (Yagi 1993). This ac- 
tion of free radicals has been implicated in several human pathologies 
and may, indeed, be the key to aging (Yagi 1991). Although the under- 
standing of the key parameters governing lipid peroxidation in root cell 
membranes is still lacking, that free radical formation is concomitant 
with a net increase in lipid peroxides and, therefore, damaging for any 
cell membrane (Ernster 1993; Yagi 1993) is beyond doubt. Furthermore, 
lipid peroxidation has been shown to be enhanced in the presence of 
Fe(II) at micromolar levels (Horst et al. 1991; Olanow 1993). Inasmuch 
as the reduction of Fe(III) occurs throughout much of the root length 
and in lateral roots (Grusak et al. 1990), the Fe(II) enhancement of Al- 
induced lipid peroxidation is also likely to occur throughout the various 
developmental regions. It might be kept in mind that even if lipid per- 
oxidation is proven to be a major mechanism of Al toxicity, this might 
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well only be relevant to studies conducted in soil or complete nutrient 
solutions and not to the great body of literature studying Al toxicity in 
"low-salt solutions" (CaSO^ grown). 

Study of Al accumulation in root cells would have little meaning for 
Al toxicity, if the cells were likely to be severely damaged. In this case, 
accumulation of intracellular Al would serve mainly to mark injured 
cells, rather than to indicate metabolic disruptions involved with the 
onset of toxicity. In the SIMS-analyzed soybean studies, treatments with 
38 |J,M {Al’^} and limited to 4 h suggest that severe damage to the cell 
membranes did not occur. It might also be noted that in these same 
roots a 1-h Al exposure led to an inhibition of whole root NO,_ uptake of 
about 35%, a level of inhibition not significantly augmented by an addi- 
tional hour of Al exposure (Lazof et al. 1994c). Given that NOj uptake 
occurs against the electrochemical gradient, this supports the concept 
that the plasma membranes at the root periphery are not seriously com- 
promised by a few hours of exposure to micromolar Al levels, as they are 
likely to be after several days. Obviously, additional studies need to be 
conducted characterizing membrane peroxidation and membrane in- 
tegrity during prolonged exposures of roots to Al. 



d) Microlocalized Monitoring of Al Effects 

Although the meristematic root tip and cap have frequently been charac- 
terized as the most likely sites of a primary Al effect (e.g., Clarkson 1969; 
Bennet et al. 1985a, b; Kochian and Shaff 1991), and as the site at which a 
"signal" may be induced which brings on a response in remote regions 
(Bennet et al. 1985a, b; Ryan et al. 1993), early plant responses have also 
been frequently observed in more developed regions and in whole roots. 
In whole roots, of course, the contribution of a 5-mm tip to almost any 
whole-root response is negligible, considering that it amounts to less 
about 1% of root mass even in week-old seedlings (e.g., %LaD-RR92). 
The microlocalized monitoring of any of these responses accompanied 
by microanalysis of Al would deepen our present understanding of pos- 
sible direct interventions of Al on cell metabolism. This, in turn, would 
allow evaluation of cellular Al exclusion as a mechanism of tolerance. 

Whole-root responses to Al have been reported on the uptake of Ca^^ 
(Clarkson and Sanderson 1971; Lindberg 1990), (Lindberg 1990; 
Nichol et al. 1991), NO, (Durieux et al. 1993, 1995; Lazof et al. 1994c), 
and NH/ (Durieux et al. 1993; Nichol et al. 1993), to mention only those 
studies demonstrating an effect within the first few hours. Direct com- 
parisons of Al-induced nutrient uptake effects among developmental 
regions of a root are rare. Translocation of to the shoot of wheat 
subsequent to absorption in the 0-5-mm root tip decreased 75% in re- 
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sponse to 5 jiM Al during 24 h of Al exposure, but only 20% in a mature 
root region 5 cm behind the tip (Huang et al. 1993a). 

In other studies, an immediate inhibition of K* uptake in Al-sensitive 
wheat was demonstrated in a zone 2 cm behind the root apex (Miyasaka 
et al. 1989). Uptake of '^NO, was inhibited by a 2-h exposure to Al in 
four regions of soybean roots, as well as in whole roots (Lazof et al. 
1994c). Malate exudation was found to correlate with Al tolerance in 
whole roots (Basu et al. 1994) and in mature root regions (Delhaize et al. 
1993b), even though exudation per unit length root was much greater for 
4-mm root tips (Delhaize et al. 1993b). Proposed biochemical (intra- 
cellular) mechanisms of al toxicity, such as the effects on calmodulin 
(Siegel and Haug 1983), would be equally effective in disrupting me- 
tabolism in mature cells if Al were present intracellularly throughout the 
root. There is little basis to assume, at our present state of knowledge, 
that Al-toxicity and tolerance mechanisms are exclusively limited to 
effects at the root tip. 



2. Previous Studies of Intracellular Al 

If it were possible to provide root segments with a rinsing procedure 
which without doubt removed all apoplastic Al and did so without major 
losses of intracellular Al, then intracellular Al absorption could be stud- 
ied simply by using sensitive bulk analytical methods, such as graphite 
furnace atomic absorption. No such certainty, however, exists at this 
time about even the best of rinsing procedures. Furthermore, even if 
such certainty did exist, analysis of Al penetration across a root would 
still require either microdissection for bulk analysis or a microanalytical 
technique. This woxild, for example, be the case for either of the two 
cases mentioned above; namely, the penetration of Al throughout the 
meristematic population of cells, or the accumulation of Al in a particu- 
lar cell type, such as xylem parenchyma. 



a) Bulk Analysis of Tissues 

Zhang and Taylor (1989, 1990) indicated that a rinsing procedure with 
citrate could remove most of the extracellular Al from wheat roots. This 
procedure, involving a 30-min rinse in 0.5 mM K-citrate at 0 °C, re- 
moved 70% of the Al which had been absorbed by excised wheat roots 
during a 30-min exposure to 75 pM Al (Fig. 1 in Zhang and Taylor 1990). 
The Al fraction, which was exchangeable during the citrate rinse, was 
shown to be a set quantity of Al indpendent of the length of the Al- 
exposure (15 min to 3 h). This exchangeable pool of Al, which would not 
be removed by a 30-min CaSO, rinse (Zhang and Taylor 1989), was 
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similar for an Al-tolerant and Al-sensitive wheat genotype [ca. 3 )ig Al 
(gfr. wt.„)‘‘; Zhang and Taylor 1990]. Of the residual Al following the 
citrate rinse (30% of initial Al), cell fractionation studies suggested that 
about 40% might still reside in the cell wall (Zhang and Taylor 1990c, f, 
their Table II). Only 20% of the Al initially absorbed in or adsorbed on 
the wheat root tips would then be intracellular. Apparently, a large por- 
tion of the residual Al following the rinse was located in the mucilage on 
the root tip surface (Taylor, pers. comm.). It would be reasonable, then, 
to assume that Al accumulation in roots, when determined by bulk 
analysis of root segments following such a rinse, largely represents 
(> 60%) intracellular Al absorption (< 40% in the apoplasm) and per- 
haps a much higher percentage in root regions in which mucilage is ab- 
sent (i.e., in developed root regions). 

Assuming that rinsing procedures are equally effective in diverse 
plant species, it might be concluded that both soybean and wheat roots 
accumulated significant "intracellular Al" quickly from solutions of 
moderate {Al’^}, based on bulk analysis (20 min, Lazof et al. 1994c; 
30 min, Zhang and Taylor 1989). The soybean study demonstrated that 
the extent of Al remaining in the root following a citrate rinse, particu- 
larly in the root tip, was correlated with genotypic sensitivity (Lazof et al. 
1994c). However, without comparative analysis by a sensitive microana- 
lytical technique, some doubt remains as to exactly what proportion of 
the measured Al might lie in the apoplast, or whether the differences 
between genotypes could partially be accounted for by differential resid- 
ual apoplastic binding. 

Cell fractionation studies have also been carried out following expo- 
sure of intact roots (Matsumoto et al. 1976; Morimura et al. 1978; 
Niedziela and Aniol 1983). These have suggested that Al passes into 
cells, at least after day-long exposures to near-millimolar Al levels. As- 
sociation of Al has been indicated with nuclei, nucleic acids, mitochon- 
dria, and other cytoplasmic components. This evidence is not direct, 
however, for in any fractionation procedure opportunities for contami- 
nation remain high, since the extracts are dissolved in various solutions 
and since the level in the cell wall is known to be relatively high in the 
starting material. Furthermore, fractions, even when well characterized, 
are still most appropriately considered "enriched" for particular cell 
phases. Unless coupled to microdissection, such procedures yield no 
information relative to particular cell types or localization within a tis- 
sue. 



b) Staining and Fluorescent Microscopy 

Microlocalization of Al by staining techniques has been applied widely 
to investigate Al localization in roots. However, even in the few studies 
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where the staining followed short-term exposure to moderate {Al’"^}, 
roots were not rinsed prior to localization (e.g., Rincon and Gonzalez 
1992; Delhaize et al. 1993a), so that the localized Al was likely mostly 
extracellular (Zhang and Taylor 1989, 1990; Ownby 1993). The stain ap- 
proach to Al localization is limited by poor specificity (Rasmussen 1968) 
and the unknown variability in the access of the stains to particular cell 
and tissue types (Wagatsuma 1984). Furthermore, the most widely used 
stain, hematoxylin, which is believed to have reasonably good specificity 
for Al, has been recently suggested to demonstrate the loss of membrane 
integrity and consequent PO/' leakage from the cell, more than to indi- 
cate Al absorption into cells (Ownby 1993). 

Recently, fluorescent microscopy has been used with morin staining 
as a probe for the detection of intracellular Al (Tice et al. 1992). This 
innovative study clearly indicated Al inside root cells after 2 days of Al 
exposure to a moderate {Al^"^}. Accumulation of Al within shorter time 
frames has, apparently, not yet been considered using this technique, 
nor, apparently, has nay attempt at quantification in tissue ever been 
made. Of course, in complex, tissues quantification by fluorescent meth- 
ods is extremely difficult (Stevens et al 1994). Assumptions must be 
made regarding the homogenous penetration of the probe throughout 
the tissue and into the various cell phases. Even for a relative evaluation 
of levels within two cell phases, specific interferences, quenching effects, 
and probe-ion interactions have to be assumed to be unaltered by the 
many chemical differences between the apoplasm and symplasm (Ste- 
vens et al. 1994). Some of these issues could, of course, be checked ex- 
perimentally. At this time, however, an equally valid interpretation of 
the data is that apoplastic Al cannot interact with the probe as required 
for fluorescence. These assumptions and limitations of the technique 
were not discussed (Tice et al. 1992). Curiously, the method was desig- 
nated "straightforward and appropriate for routine use in roots". These 
crucial technical issues were also not discussed in either of the two ear- 
lier reports cited by the authors (Eggert 1970; Bloom et al. 1978). The 
first of these attempted no estimate of Al levels in either tissue or stan- 
dards (Eggert 1970). As for the other, detection limits established in 
0.2 N acetate/acetic acid buffer have little bearing on the problems of 
quantification in biological tissues (Bloom et al. 1978). The technique 
has certainly never been "shown to allow quantification of Al in roots" as 
claimed (Tice et al. 1992). In fact, even this physiological report did not 
include any numerical estimate of Al concentration based on fluores- 
cence measurements. These confusions over what would actually consti- 
tute a "quantitative method" need not detract from the positive contri- 
bution the technique has already made and the heightened value it 
might have following future development. 




Table 1. A summary of micro localization studies of Al in plant roots 
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As indicated in Table 1, there have been at least 21 reports of Al-loca- 
lization in roots using microanalytical methods (Table 1). Seventeen of 
these used electron probe X-ray microanalysis (EPXMA). There have 
been one application of photoelectron X-ray microanalysis (PEMA) and 
three applications of laser microprobe mass spectrometry (LAMMS), as 
well as the two applications of secondary ion mass spectrometry (SIMS). 
All of the microanalytical studies prior to 1993 involved Al exposures of 
3 days or longer, and most were conducted at near millimolar [Al]. Of 
the 21 microanalytical studies listed in Table 1, 13 investigated Al ab- 
sorption into herbaceous roots. Only one EPXMA study and the two 
SIMS reports have claimed detection of intracellular Al with exposures 
of 1 day or less. A more complete evaluation of EPXMA results requires 
appreciation of some technical details, which are crucial to the issues of 
spatial resolution and sensitivity. 

As with any microanalytical technique, the method of tissue prepara- 
tion has a major impact on the resolution of elemental localization pos- 
sible by EPXMA. There is no basis for any interpretation about intracel- 
lular localization in samples which are chemically fixed and embedded 
(e.g., Naidoo et al. 1978), or samples which are freeze-dried and then 
embedded (e.g., Godbold et al. 1988; Jentschke et al. 1991). This has been 
demonstrated repeatedly (e.g., Chandra and Morrison 1992; Stelzer and 
Lehman 1993 and citations therein). 

Determinations in a freeze-dried tissue block are limited by two fac- 
tors. First, protoplasm from adjacent cells dries against each cell wall, as 
often aknowledged (Huett and Menary 1980; Bauch and Schroeder 1982; 
Delhaize et al. 1993a). Such lateral movement during freeze-drying is 
much less problematic in the case of cryosections, where movement of 
solutes and protoplasm will be largely downward against the underlying 
substrate (Waisel et al. 1970; Lazof et al. 1994b, 1996b). Second, physical 
laws dictate that the volume of specimen/beam interaction for EPXMA 
in a block of freeze-dried plant tissue is approximated by a teardrop 20- 
40 |im indiameter (Fig. 1; Goldstein et al. 1981). Note that at a given in- 
stant the primary electron beam and resulting secondary electrons might 
be localized to a nanometer of specimen surface; however, the character- 
istic X-rays (thin lines in Fig. 1) could originate from any position within 
the teardrop- shaped volume. The points of exit of the X-rays are not 
directly imaged in EPXMA, but rather are inferred from the known po- 
sition of the primary electron beam at the instant they reach the X-ray 
detector. These dimensions of the interaction volume apply to analysis 
carried out at moderate accelerating voltages (15-18 keV; refs. Boeke- 
stein et al. 1980; Goldstein et al. 1981; Lazof et al. 1994c), hence X-ray dot 
maps superimposed over high resolution secondary electron images can 
be misleading (e.g.. Fig. 9 in Delhaize et al. 1993a). The nanometer reso- 
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Fig. 1. Volume of specimen beam inter- 
action in electron probe X-ray micro- 
analysis. Thin linesy represent trajecto- 
ries of characteristic X-rays, while thick 
straight lines indicate trajectories of pri- 
mary electrons 



lution so impressive in the underlying secondary electron image bears 
no precise relation to the pattern of characteristic X-rays superimposed 
over it. Lateral resolution of EPXMA in Al localization has been im- 
proved in two ways over the analysis of bulk freeze-dried specimens. In 
analyzing a freeze-dried cryosection (e.g., Waisel et al. 1970) lateral mo- 
tion during freeze-drying is greatly reduced by establishing a vertical 
limit to the drying process and thereby a time limit to lateral movement. 
Improvement in lateral resolution also results when the samples are 
analyzed frozen-hydrated, rather than freeze-dried (e.g., Marienfeld and 
Stelzer 1993; Marienfeld et al. 1995). The greater specimen density leads 
to both a shallower penetration of the primary electron beam and a 
much shorter distance over which characteristic X-rays can escape from 
the sample prior to absorption (Boekestein et al. 1980). The greatest 
lateral resolution in EPXMA can be obtained with ultrathin sections, 
either frozen-hydrated or resin-embedded. However, the former are not 
routinely obtained from plant tissues, and the latter are wholly inappro- 
priate for microanalysis of diffusible substances. 

Recently, Delhaize et al. (1993a) claimed detection of intracellular Al 
after exposure periods of 8 and 18 h using EPXMA on freeze-dried root 
segments. The authors discussed lateral resolution as affected by the 
freeze-drying process, but not as determined by the volume of speci- 
men/beam interaction. Also, roots were not given a rinse to remove Al 
from the free space and root surface (Delhaize et al. 1993a), even though 
80% of the Al is believed to be associated with charged sites in the 
apoplast (Sect. 2.a; Zhang and Taylor 1989). Thus, given the volume of 
specimen/beam interaction, it is likely that most of the X-ray singal 
shown (Fig. 9 in Delhaize et al. 1993a) originated either on the root sur- 
face or in the cell walls. In another recent EPXMA study in which bulk 
frozen-hydrated cryofractured oat roots were analyzed by EPXMA, Ma- 
rienfeld and Stelzer (1993) reported that intracellular Al could be de- 
tected only after a 10-day exposure and not after 1 day. Even with the 
most optimistic benefit to analytical sensitivity from freeze-drying the 
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speciment (mis-cited by Delhaize et al. 1993a from Lazof and Lauchli 
1991 as 10- to 50-fold over bulk frozen hydrated actually tenfold), the 
limit of detection for the freeze-dried analysis would be no less than 
40 pmol (gfr. wt.)’‘, calculating from the limit determined by Marienfeld 
and Stelzer (1993) in frozen-hydrated specimens. This level of Al is 
about 3 orders of magnitude greater than levels of intracellular Al which 
have been measured in soybean root tip cells with SIMS (Sect. 4). Hence, 
it seems unlikely that intracellular Al could have significantly contrib- 
uted to the Al X-ray signal even after the 8 or 18 h of Al exposure in the 
work of Delhaize et al. (1993a). 

Having just argued against the possibility of determining Al levels 
with EPl^A following short-term Al exposure, it might be pointed out 
that advanced EPXMA instrumentation does exist with such features as 
automated acquisition of X-ray images, programmable stage translation, 
and with improved X-ray detection for light elements, all of which allow 
greater sensitivity in Al analysis. While such instnunents have not yet 
been used in plant physiological studies, Al localization in neurons has 
been reported using an X-ray detection system equipped with a pro- 
grammable stage, allowing long (unattended) signal acquisition 
(Garruto et al. 1984). These authors reported the acquisition of a single 
Al X-ray map from a 20-fim- thick section during 18 h. In contrast, SIMS 
images of Al in neurons were acquired in 10 s using a conventional SIMS 
configuration and yielding about 1 pm spatial resolution (Linton et al. 
1987). This is not to say that a further improved EPXMA instrumental 
configuration could not be successfully employed. Use of cryosections in 
an analytical electron microscope, such as a scanning transmission elec- 
tron microscope equipped with one of the improved light-element detec- 
tors, could bring the analytical capabilities of EPXMA close to the re- 
quired level for detection of intracellular Al following brief exposures (1 
to 4h). Theoretically (assuming well-preserved thin frozen-hydrated 
cryosections of plant tissue), such analysis could provide lateral resolu- 
tion beyond that achieved by conventional SIMS instnunents. The col- 
lection of such cryosections from plant tissues, however, remains far 
from routine (Michel et al. 1991; Stelzer and Lehman 1993). 



d) Laser Microprobe Mass Spectrometry 

LAMMS is a microanalytical method similar to SIMS in being a mass 
spectrometry technique, yet dissimilar in not providing images. In the 
transmission mode LAMMS a laser perforates entirely through a section 
of the specimen. Such perforations are usually 1 to 1.5 pm in diameter. 
In the three studies of Al localization in plant roots cited in Table 1, 
freeze-dried bulk specimens were embedded at room temperature and 
then sectioned 1 pm thick prior to LAMMS analysis. Precise locations of 
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the perforations were verified by light microscopy. Discussion of analyte 
redistribution during freeze-drying and chemical embedment can be 
found above (Sect. 3.c). These preparative limitations apply equally to all 
microanalytical methods. An important limitation of LAMMS lies in the 
variability of the primary laser power density, which can lead to sub- 
stantial spot to spot variation in analyte ionization (Linton and Gold- 
smith 1992). Further details of the LAMMS approach can be found in 
one of several recent reviews (Verbueken et al. 1985; Heinen et al. 1980; 
Linton et al. 1986). For the present purposes, it suffices to note that, so 
far, the technique has apparently only been applied to roots of forest 
species following months of exposure (Table 1). While these studies may 
be of great ecological, or, possibly, physiological importance, they are 
not directly relevant to the present discussion of Al localization in the 
context of primary mechanisms of toxicity. 



3. Secondary Ion Mass Spectrometry 

SIMS is based on the sputtering (erosion) of the sample surface by an 
energetic primary ion beam. This sputtering process leads to the ejection 
of a secondary ions, which may then be extracted and analyzed. There 
are two modes of operation for a dynamic imaging SIMS instrument, 
such as the Cameca ion microscope and ion microprobe, the most 
widely utilized commercial system (Fig. 2). In the ion microscope mode 
a mass selected secondary ion (such as ^^Af) is extracted over the entire 
surface of the area of the specimen to be imaged. In the case of our Al- 
toxicity studies (Lazof et al. 1994a, 1996b) this was an area of 150 )im 
diameter. The mass signals are recorded for a circular area inscribed 
within a square raster area. Using primary ion currents < 8 nA, the ero- 
sion rate is in the range of several nm/min for freeze-dried plant cryo- 
sections (Lazof et al. 1994b). For ^^AT collection positive secondary ions 
are extracted from the surface by the electrical bias on the specimen and 
are focused through a series of electromagnetic lenses in a manner 
analogous to focusing an image through an optical microscope. The 
mass species of interest is identified in a mass spectrum, mass selected 
from neighboring peaks using a mass sector, and selected for imaging. 
The secondary mass ions are than collected on the imaging detector 
(DMCP/RAE, Fig. 2). The pattern of ion intensity on the detector is pro- 
duced by the native distribution of concentration, mediated only by the 
sputtering, ionization, and collection events. 

The effects of these three sorts of events on the ability to quantify re- 
sults have been discussed in detail elsewhere, along with discussion of 
particular detectors (Lazof et al. 1996a). For biological SIMS applications 
the nearly universal approach towards quantitation has been to use a 
secondary ion ratioing (or normalization) procedure. In the case of the 
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Fig. 2. Schematic diagram of ion microscope and ion microprobe modes of analysis in 
secondary ion mass spectrometry. DS Duoplasmatron source; CL condensor lenses; OL 
objective lens; S specimen; TL transfer lenses; double focusing mass spectrometer MSI 
and MS2 (electrostatic and magnetic sectors, respectively), PL projection lens; ES exit slit; 
DMCP dual microchannel plate detector; RAE resistive anode encoder; PS phosphores- 
cent screen; VID video camera; FC Faraday cup; EM electron multipler 



Al-toxicity work this has involved ratioing secondary ions to the native 
image from the sample, rather than to the image, which has 
most often been used in other biological SIMS studies. This approach 
was adopted since K has a low energy of first ionization similar to Al. 
The chemical similarity of the analyte to the normalizing secondary ion 
allows stronger assumptions of similarity in terms of relative ionization 
and collection effects (for analytes vs. normalizer) as influenced by a 
variety of specimen matrices (cell phases) and slight variations in in- 
strumental conditions between image sets. Another problem is that the 
sputtering and ionization of C may be quiet different in freeze-dried cell 
wall (C as polymer) and intracellular contents. Furthermore, the 
signal was found to be conveniently within the linear range of the detec- 
tor while the instrument was set for detection of trace levels of Al. Using 
a relatively low primary ion beam current (< 8 nA) slow sputtering rates 
through the sample were achieved, allowing adequate time for collection 
of several secondary ions without problematic loss of sample from the 
substrate. 
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In the ion microprobe mode the secondary ions are collected from a 
submicron diameter spot as the primary ion beam scans over an area. 
Each submicron spot corresponds to one pixel of the image at a time 
(Fig. 2). This is analogous to the process of image formation for secon- 
dary electrons or characteristic X-rays in a scanning electron micro- 
scope. Because of the detectors associated with the ion microprobe mode 
of operation (EM, FC, Fig. 2), the linear range of detection (and sensitiv- 
ity) is increased in this mode, as is lateral resolution; however, image 
collection is usually slower. The dose of energy into the specimen surface 
(extent of surface erosion) is low in the scanning ion microprobe mode 
and quantitation through ratioing of secondary ion images is similar to 
that described for the ion microscope mode. 



a) Sensitivity 

SIMS analysis of standards made from Al-doped brain homogenate have 
previously shown that counts were linear with concentration, at least 
down to 2 ppm [ca. 75 nmol (gfr. wt.)‘‘], which is believed to be the nor- 
mal level in brain (Smith et al. 1996). More recently, analyses in this 
same laboratory equipped with a Cameca IMS-4f have been able to de- 
tect levels of Al in "untreated tissue" below 10 ppb [ca. 0.3 nmol (gfr. 
wt.) ‘; G. Gillen, pers. comm.]. The ability to collect a useful image of the 
^^AF signal, however, would be restricted to concentrations closer to 
several ppm, with the exact limit depending entirely on the instrumental 
mode of operation and collection protocol chosen. In the case of the 
soybean Al localization research, commitment to a particular ratioing 
procedure (Al:K) resulted in a specified sensitivity limit (see Sect. 3.c). 
As discussed above in relation to fluorescent techniques, sensitivity in a 
synthetic standard does not necessarily imply sensitivity for measure- 
ments in a tissue (Sect. 2.b). The accuracy of such a comparison depends 
on the nature of the standard used (Boekestein et al. 1980). Buffered 
simple solutions poorly reflect the composition and matrical nature of 
either cell wall or cytoplasm. The similarity is far greater between a 
freeze-dried tissue homogenate or cell extract and a freeze-dried film of 
vacuolar contents (Goldsmith 1994). 

One practical approach to the issue of analytical detection limits is to 
compare instrumental and analytical background signals to the low trace 
levels which are of research interest. For example, we carried out analy- 
ses for three secondary mass ions: ”AF, “Ca*, and *‘K* within areas ex- 
actly 10 |im inside or 10 |lm outside the cryosection edge, which was cut 
from a root tip exposed for 30 min to 38 pm {AF*}. The images from the 
outside of the sections included background levels, including possible 
environmental contamination during storage and processing, possible 
leakage from the root surface during quench-freezing and the external 
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embedment, possible smearing of the sample during cryosectioning, 
possible contamination of the Au/Pd foil used to sputter-coat the sec- 
tions for electrical conductivity, as well as any instrumental noise. The 
level of noise from sample mounting, drying, and storage was so ex- 
tremely low that the images appeared as three black squares after photo- 
graphic reproduction (not shovm). In these analysis the image 
would sometimes show a very faint signal outside, but near, the section. 
In quantitative treatment of even the highest Al case, there was < 2% the 
Al level contaminating the Si wafer as compared to 20 |xm within the 
cryosection from a 30-min Al exposed soybean root tip. The source of 
this Al was likely the Al-citrate on the specimen surface prior to quench- 
freezing and external embedment. Movement of a small amount of Al- 
citrate into the external embedment material as the embedment material 
is being layered down (three times, 8 s each) and frozen (in a -60 °C en- 
vironment) with alternate plunging into N2jj^, (Lazof et al. 1994b) does 
not imply movement of cellular Al through frozen cells during this 
preparative step. Blank sputter-coated Si wafer substrates which had not 
been used to mount cryosections had no identifiable peak at mass 27. 
Therefore there was no significant contribution to the published Al im- 
ages (Lazof et al. 1994a, 1996b) from instrumental. Si wafer, or sputter- 
coating origins. 



b) Lateral Resolution 

The SIMS instrument used for the Al-toxicity SIMS studies, a Cameca 
IMS-4f, has a lateral resolution of 1-2 |im when operated in the ion mi- 
croscope mode, improving in the ion microprobe mode to 0.5 pm under 
favorable conditions. The lateral resolution of our analysis of freeze- 
dried cryosections from plant roots was, therefore, more limited by the 
freeze-drying of the 10-pm-thick cryosections than by the instrument 
(3-5 pm lateral movement, Lazof et al. 1994b). In root-tip cryosections 
the apparent lateral resolution for the ^^Af images was ca. 2 pm, as 
judged from separation of cellular outlines (Cl in Fig. 5a of Lazof et al. 
1994a). The cryopreparative technique has previously been discussed in 
detail with regard to 4 criteria required for suitable SIMS analysis (Lazof 
et al. 1994b). These criteria were: 

1. good morphological preservation, 

2. maintenance of sample integrity under primary ion beam bombard- 
ment, 

3. minimization of opportunities for sample contamination, and 

4. minimization of redistribution of diffusible elements (Lazof et al. 
1994b). 
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Most of the cell contents are deposited vertically upon the silicon sub- 
strate during freeze-drying, even in mature cells with large central 
vacuoles (Lazof et al. 1994b, 1996b). Spatial resolution of cytoplasm and 
apoplasm in the SIMS images of mature cells remained doubtful, due to 
possible drying of cytoplasm into the cell wall (Lazof et al. 1996b). Even 
in mature tissue, however, intracellular secondary ions (vacuo- 
lar + cytoplasmic) could easily be distinguished from those in the 
apoplast. Sharp well-defined lines of high intensity, representing the 
apoplast, were evident in these K-citrate rinsed roots (Lazof et al. 1996b). 
Even more convincing are the comparisons of to the “Ca* secondary 
ion images (Fig. 3). In this case, the expectation of higher Ca content in 
the cell wall than in the intracellular areas was evident. Likewise, it was 




Fig. 3. A quantitative SIMS image set collected in the mid-cortical region of a freeze-dried 
cryosection from the mature region of a soybean roat. Included are secondary ions from 
K, Ca, Al, and Si acquired over 40, 120, 600 and 60 s, respectively. Areas of cell wall (CW), 
and probable cytoplasmic deposit (C7) have been designated. The images have been 
enhanced (all with the identical adjustments) for clarity of photoreproduction. Bar 
50|im 
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Fig. 4. Top secondary electron image of a cross section of soybean root tip taken about 
0.5 mm from the apex. The higher magnification image (below) more clearly demon- 
strates the thick cytoplasmic contents found in cryosections cut from the root tip. M 
Embedding material; P protoderm; C cortical; N developing endodermis. Bars (a) 100, (b) 
10 pm 
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obvious that little Al is present in the apoplast of the root cortex in these 
K-citrate rinsed roots. 

In cryosections taken 0.3-0.8mm from the root tip, on the other 
hand, the cells were thickly filled with cytoplasm, which was easily dis- 
tinguished from the thin cell walls, and the cells were devoid of a central 
vacuole (Fig. 4). Cytoplasmic reticulum as a remnant of controlled 
freeze-drying has been seen in the cytoplasm of many plant species. It is 
merely the end result of the ribbon formation within the cytoplasm, as 
seen in bulk frozen-hydrated cryofractured preparations of plant tissues 
(e.g., Huang and van Steveninck 1988; Drew et al. 1990). With the proc- 
ess carried out to completion, the individual ribbons aggregate into a 
three-dimensional reticulum. The clumping of cytoplasm into the fine 
ribbons (about 4 |im apart) and then into the larger reticulum is appar- 
ently governed primarily by the stability of diffusing particles as they 
grow in size. This would account for the wider troughs always seen for 
the ribboning in cell vacuoles of mature tissue (e.g., Huang and van Ste- 
veninck 1988; Drew et al. 1990). We assume that little sorting occurs due 
to ultrastructural origin and that a representative sampling of the cyto- 
plasm remains on the analytical surface (ca. 8 pm deep) of this reticulum 
at the conclusion of freeze-drying. In the case of the soybean Al- 
localization studies, subcellular structures have not yet been identified 
and specifically analyzed. This has, however, been achieved with SIMS 
analysis of cryofractured, freeze-dried cell cultures and confirmed by 
parallel confocal scanning fluorescent laser microscopy (Chandra et al. 
1994). In that report the Ca^^ exchange kinetics of Golgi were studied in 
situ in freeze-fractured cultured cells. Obviously, this remains an impor- 
tant task for the future with respect to plant cryosections. At least, we 
can be assured that SIMS images of root tip cells reflect mostly cyto- 
plasmic contents (including small vacuolar vesicles) with no significant 
contribution from either wall or central vacuole. 



a) Designating SIMS Image Areas as Intracellular 

Uncertainties in identification of the ^^AF SIMS signal as intracellular 
have been admitted within the SIMS/Al toxicity studies, where the pos- 
sible opportunities for and the probable range of elemental translation 
during the cryopreparative steps have been enumerated (Lazof et al. 
1994b, 1996b). In the latter physiological report where the focus was on 
developed, well-vacuolated cells the Al:K elemental ratios calculated 
from areas of sections were clearly stated to represent "minimal levels" 
of intracellular Al. This was argued on the basis of the images being 
especially intense in the cell wall areas, while the ^^AF were not. There- 
fore, analysis of whole areas which included both cell wall and intracellu- 
lar areas would necessarily underestimate the intracellular (largely 
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vacuolar Al). This remains true even if the high apoplastic K content 
were due to the K-citrate rinse, for still in the images of K-citrate-rinsed 
roots, whole areas of sections would necessarily be biased low by inclu- 
sion of cell wall areas. 

Qualitatively, the presence of Al in the intracellular agreas seems to be 
beyond any doubt, given the direct nature of SIMS analysis and the im- 
ages presented (Lazof et al. 1994a, 1996b). The secondary ion images in 
Fig. 3, for example, have been formed by secondary ions sputtered off 
the first few nanometers of sample surface and stigmatically focused 
upon the detector. In this case a set of four images was collected: "Al*, 
“Ca^, and “Si"^. The and “Ca* are naturally occurring isotopes 
(6.88 and 96.9% natural abundance, respectively) of elements native to 
plant tissue, while the ^^AT signal was introduced by 4 h exposure to 
38 )0M {Al’*} in the complete nutrient solution. The “Si* signal is due to 
release from the underlying Si wafer during the sputtering process. This 
latter image is useful in clearly outlining the solid pieces of cell wall in 
the specimen which prevent any Si* emission from the substrate (Fig. 4, 
CW). The thin layer of intracellular deposition does not completely pre- 
vent the primary ion beam from releasing some “Si* from the Si sub- 
strate on which the section was mounted. The ”Si* image was collected 
last in this set, after the area had already been sputtered for 13 min. Still, 
the ”Si* image has < 1% of the signal strength that was obtained from 
sputtering on bare Si wafer with the same primary beam. The “Ca* image 
shows high levels of Ca in the cell wall, as designated by the zero signal 
areas of the ’’Si* image. In some intracellular areas, which are also more 
intense in the "‘K* image (possibly cytoplasmic) the “Ca* image also 
shows relatively high intensity (Fig. 3 CY). The ”Al* image shows a gen- 
erally low level of intensity from the cell wall. 

As stated earlier, it is difficult to isolate the cell wall areas without in- 
cluding some neighboring pixels from intracellular areas (Goldsmith et 
al. 1994; Lazof et al. 1996b). Nonetheless, the results of a renewed effort 
to accomplish this are shown in Table 2. For this analysis the areas on 
which calculations were made were carefully drawn on the ”Si* image 
(dark thin areas). These results are not presented as elemental ratios, but 
just as raw ratios of signal intensities and are intended solely to present 
the relative numerical difference between intracellular and cell wall ar- 
eas. The K:Si signal ratio was on average more than 23 times greater in 
the areas drawn closely around the strips of cell wall than within intra- 
cellular areas, while the average K:A1 signal ratio was 6.7 times more 
intense. This suggests that if such analysis could be carried out without 
inclusion of any pixels neighboring the "cell wall strips", the difference in 
K:A1 might be an order of magnitude between cell phases. Even though 
good definition and separation of cytoplasm is not claimed, there can be 
no doubt that analyses within 2500 |Xm’ tissue areas in the cross sections 
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Table 2. Analysis of secondary mass ion ratios in cell wall and neighboring intracellular 
areas. Eight areas for analysis were defined on the ”Si image in Fig. 5 and compared to 
eight intracellular areas. Within each of these areas the “K* mass signal was ratioed to the 
”Si and ’^Al* mass signals (not corrected for elemental ratios). Standard errors ar shown 





K:Si 


K:A1 


Cell Wall 


14.69 ±1.30 


4.20 ±0.26 


Intracellular 


0.63 ±0.06 


0.63 ±0.03 


Ratio of cell wall to intracellular 


23.2 


6.7 



from developed plant roots must can be taken as minimal values for 
intracellular Al. 



c) Quantification Methods 

A strictly quantitative method for in situ SIMS determinations has not 
yet been developed, although a method was suggested involving parallel 
analytical electron microscopy for elemental K analysis (Lazof et al. 
1996a). Currently, quantitation of elemental concentrations in biological 
specimens involves ratioing the mass signal of interest to some other 
"reference" secondary ion mass signal. For this ratio approach the fol- 
lowing requirements pertain: 

1. the relative ionization and collection efficiencies of the ions to be 
ratioed must be known, 

2. microlocalized concentrations of the reference element must be 
known, 

3. the two ion images to be ratioed must have been collected without 
optical adjustment and without signal attenuation other than that 
necessary to switch between mass signals, and 

4. software must be available which can yield the ion ratios within given 
areas of biological interest. 

Detailed discussions of the limitations to bio-SIMS quantitation have 
been presented previously (Linton 1986; Lazof et al. 1996a). 

Empirical determination of relative ionization and collection effi- 
ciencies has presented little difficulty in either resin embedded (Brenna 
and Morrison 1986) or freeze-dried tissues (Ramseyer and Morrison 
1983; Chandra et al. 1987; Lazof et al. 1994a), although a greater matrix 
dependency of the secondary ion signal was found for embedded sam- 
ples due to variable sputtering rate through embedded matrices (Brenna 
and Morrison 1986). Relative sensitivities of particular ions can be 
worked out in matrices similar to those of the analyzed biological tissue. 
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The distribution of the reference secondary ion signal can be a some- 
what greater problem. In practice all biological SIMS work which has 
attempted quantitation has assumed a homogenous distribution of the 
native ion, usually C (the signal) and used this as the reference mass 
signal. As instrumental and specimen conditions (matrix properties) 
change however the ionization efficiencies of elements with low ioniza- 
tion potentials such as Al or K might not change in the same way as that 
of C, an element of high first ionization potential. For this reason, we 
have chosen normalization to the signal, rather than to that of 
Using as the reference, though, we have thus far assumed homoge- 
nous distributions. Currently, we are attempting to microlocalize K, 
using analytical electron microscopy in parallel specimen sections, so as 
to avoid this assumption (Lazof et al. 1996a). 

For our analyses, isolated freeze-dried cell contents and cell wall from 
control plant roots were doped with K and Al and used for SIMS stan- 
dards. The relative ability to detect to secondary ions, "signals of inter- 
est" and a reference ion, is known as the relative sensitivity factor 
(Ramseyer and Morrison 1983). The physical basis for the RSF (relative 
sensibility factor) is described by: 

I =I -f -Y-f •Y.-C(a)., 

where the current of a secondary ion at the detector (I^) is a product of 
the primary beam current (1^), the probability of anlayte ionization (p, 
the fraction of the analyte being sputtered as the monitored species (y)> 
the transmission/detection efficiency factor (f), the sputtering yield of 
the matrix (Y^) and the analyte concentration [C(a).]. The RSF is an em- 
pirical estimate of the four parameters shown in bold -a relative esti- 
mate of these parameters for any two secondary ions. With 1^ held con- 
stant during analysis and the two secondary ions collected in sequence 
at low beam current (sampling of the same depth, within nanometers), I^ 
is then proportional to C(a)j. In the case of the Al-toxicity SIMS studies: 

VI„ = RSF-IR.AT-C(a),,/C(a)., 
in practice is empirically determined, so 

lC(a)./C(a)., = RSF-IR-AT-I„/I^, 

where RSF is the relative sensitivity factor, IR is the ratio of the natural 
abundance for the two isotopes, and AT is the acquisition time for each 
image. If elements 1 and 2 are Al and K respectively, the values for RSF 
and IR are 2.9 and 0.0688. Frequently, the ^^AT image was acquired dur- 
ing a period 8 to 12 times as long as the image (AT value 8 to 12). 

Appropriate instrumental conditions allowing ratioing of consecu- 
tively acquired secondary ion images can present serious difficulties, 
depending on the instrumentation, especially the detector, and the ratio- 
ing method employed. In order to ratio two ions in a valid fashion they 
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must both be within the linear dynamic range of the detector. Use of 
uncooled "charge coupled device" (CCD) cameras in the past made 
quantitative imaging difficult. Though count rates of 10‘ counts per sec- 
ond (cps) were obtainable, detector nonuniformities and nonlinearities 
made accurate digitization of the incoming secondary ion signal nearly 
impossible without a regular, rigorous, and time-consuming calibration 
routine. The introduction of a resistive anode encoder (RAE) based sys- 
tem in the late 1980s significandy improved the ability to accurately 
convert secondary ion signals into a digital format. The tradeoff for this 
improved conversion is a significantly more limited count rate of lO’ cps 
(but more realistically 3 x 10^ cps to avoid dead time artifacts) forcing 
longer image acquisition times for low intensity signals (Odom et al. 
1983). It was such an instrumental configuration which was used for the 
first plant physiological Al-toxicity studies (Lazof et al. 1994a, 1996b). 

More recently, successors to both CCD and RAE based systems have 
been introduced. A cooled CCD camera system is now available which 
allows count rates of lO’ cps and an intra-image (single) dynamic range 
of 2 '* (Mantus and Morrison 1990). This detector, however, has both 
reduced lateral resolution and reduced linear range at high image 
magnification, and requires a dedicated cooling system. Cooled CCD 
based systems are still subject to spatial variations in the sensitivity of 
the microchannel plate/fluorescent screen assembly used to convert the 
secondary ion signal into detectable photons (later converted into a 
digital signal by the CCD). The high secondary ion currents typically 
used with these systems lead to constant degradation of the microchan- 
nel plate assembly, causing regions (typically in the center) to become 
less responsive to secondary ions. The newest RAE based system, of fast- 
RAE, improves upon the count rate limitation of the original RAE men- 
tioned above. Count rates are linear up to 6 x 10‘ without serious dead 
time effects. The increased count rates come with a loss in detector effi- 
ciency (down 12% from the original RAE) and also a correctable image 
deformation (Brigman et al. 1993). 

When available, a worthwhile alternative to the above systems is to 
use nonstigmatic imaging, operating the instrument as a microprobe 
and using the electron multiplier (EM) detector (Fig. 2). The EM can 
handle count rates of up to 10‘ cps and has a near-unity detector effi- 
ciency, compared to ca. 60 and < 70% for the RAE- and CCD-based sys- 
tems, respectively. With proper calibration, the Faraday cup detector 
maybe used to extend the count rate up to lO’ cps. An additional advan- 
tage to using a nonstigmatic imaging scheme is that higher mass resolu- 
tion conditions may be employed than are feasible with the stigmatic 
arrangement. This becomes important for determinations of trace ele- 
mental levels in biological samples, since hydrocarbon and metal hy- 
bride interferences are present at almost every nominal mass (Sect. 3.d). 
Furthermore, lateral resolution is improved to ca. 0.1 pm. The disadvan- 
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tage to such analysis is that the acquisition process for an entire image 
set can take longer than with a CCD or RAE based analysis (typically 
twice as long in our Al- toxicity-related analyses). 

When developing a quantitative scheme for the Al-toxicity work the 
requirement of keeping a fixed primary ion beam current necessitated 
several experimental compromises. Initially, we did not have access to a 
microprobe source. In order to detect low levels of Al, a high primary 
ion beam current was desirable because it would provide a strong secon- 
dary ^^AE signal. However, it was impossible to image the signal at 
such primary ion beam currents owing to the high native concentration 
of K in the tissue and the high sensitivity of SIMS for K. The first step to 
overcoming this was to use the isotope (6% natural abundance) in- 
stead of (94% natural abundance). Second, for a given treatment the 
primary ion beam current was adjusted to the level where the signal 
would not saturate the detector. This primary ion beam current was then 
used for all image acquisition. For low levels of Al, longer image acquisi- 
tion times were thus required (up to 10 min) in order to obtain images 
with good signal to noise characteristics. In some cases, however, the 
routine produced no detectable ^^AF signal, setting an effective limit for 
the lowest detectable Al concentration. 

The ability to precisely extract secondary ion ratios from features of 
biological interest can be partially met by purchasing one of several 
commercially available SIMS programs, which can quantify the signal 
intensity within rectangular regions of interest (ROI; Goldsmith 1994). 
Alternatively, the program written by one of the authors (JGG), allows 
the definition of regions of biological interest of any shape via drawing 
curves with a mouse on one of the SIMS images to be ratioed (Goldsmith 
1994). The custom written program we have been using produces secon- 
dary ion ratios within the selected "region of interest" (ROI) by ratioing 
the secondary ion counts at each pixel within the designated ROI 
(Goldsmith 1994; Lazof et al. 1994a). The mean and associated errors are 
calculated for each ROI from the individual pixel ratios, although only 
ROI to ROI variation has been presented in our reports. In the case of 
the two physiological SIMS reports, ROTs for tissue areas were obtained 
from cryosections cut from no less than three replicate roots. A second 
option available with our custom-written program is to ratio total sec- 
ondary ion counts for each secondary mass, rather than ratioing at each 
pixel and averaging the ratios. In practice, little difference (< 5%) was 
found between the two arithmetic methods, at least in the Al-toxicity- 
related image sets. 
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d) Root Background, Trace Levels, and Contamination 

Another crucial aspect of microanalysis is the trace level of Al natively 
present in the specimen and the extent of contamination during speci- 
men preparation. Since there is only one useful isotope for Al, high lev- 
els of Al in untreated specimens would disallow detection of minute 
intracellular accumulation during a brief exposure. It was suggested that 
the trace levels, which persist in double-distilled water, would actually 
preclude the feasibility of our research. While it is true that Al is in a 
sense ubiquitous, accounting for 8% of the earth's crust and being a 
major component of dust, the concentration of Al in seawater, for ex- 
ample, is less than 1 ppb (Martin 1994). Aluminum can be excluded 
from an environment. Inclusion of trace levels (ppb) from plant roots 
has never specifically been reported even by bulk analytical means, as far 
as we know. EPXMA studies have probably not been significantly com- 
promised by contamination even using the preparative protocols more 
likely to favor contamination such as chemical fixation (Table 1), since 
the conventional instrumentation is incapable of detecting such levels. 

Analyses by SIMS were carried out to determine the background level 
of Al in control soybeam root tips which had been grown in flowing so- 
lution culture with reagent grade nutrient salts and without amende- 
ment of Al, as described previously (Lazof et al. 1994a, 1996b). No spe- 
cial precautions were taken to exclude dust or trace Al sources during 
cultivation. Dust particles containing Al were easily excluded from 
analysis (when necessary) by first viewing the specimen in imaging 
mode and moving the specimen. Sample preparation was performed as 
described in detail previously, including storage under before sec- 
tioning and in a vacuum dessicator after sectioning (Lazof et al. 1994b). 
Surfaces contacting the flowing solution are limited to polyvinyl chloride 
and tygon tubing, the latter constituting less than 0.1% of the surface in 
the continuously flowing culture system. Specimen preparation included 
the rinse in ice-cold K-citrate (20 min at 0 “C), which was also used for 
analysis of Al-exposed roots. Following the rinse of specimens contacted 
only liquid propane (-189 °C), and the cutting edge of the tungsten- 
carbide blade (Lazof et al. 1994b). 

The estimation of the native trace levels of Al in unexposed soybeam 
roots by SIMS confronted two serious analytical challenges: 

1. mass interference of ^^AF with “MgH became important at these trace 
Al levels and 

2. ratioing the "AL to was impossible within the linear range of the 
RAE. 

A mass resolution of 4000 m/Am was required to separate the “MgH and 
”AT peaks. Operating a SIMS instrument in the ion microscope mode 
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with high mass resolution critically limited the amount of signal reach- 
ing the detector, so that collecting an image pair required an extended 
time and became prohibitively expensive. In the ion microprobe mode, 
however, it was possible to select small areas of the specimen for analysis 
and turn up the primary ion beam current, while still remaining within 
the detector's linear range (Sect. 3.c). Additionally, ion microprobe 
mode is capable of higher mass resolution. A primary beam current of 
approximately 0.3 |iA was used with the ion microprobe to analyze areas 
on the specimen of ca. 250 |im in diameter. For tfiese analyses, the EM 
and Faraday cup wer used as detectors (Fig. 2). 

Quantification by mass signal ratioing of ”A1* to could not be 
carried out, due to being off-scale, even with the ion microprobe's 
lO’ linear range, when primary beam currents were employed which 
were high enough to allow collection of the weak ^'AF signal from trace 
levels in control soybeam root tissue. Acquisition of at least a few hun- 
dred cps ^^AF was considered necessary to allow estimation of Al levels 
with any confidence. Since this proved impossible, it was concluded that 
the Al:K was less than 10'* (atomic ratio). If a weaker mass signal could 
be used as the reference, ratioing to ^^Af and also to than the ”AF 
background level could be determined by double-ratioing. The secon- 
dary ion counts of **Ca"^ and ^^Af were collected in a ratio of 103:1. Total 
Al levels of about 80 pmol (gfr. wt.)'‘ were estimated taking into account 
natural abundances, relative sensitivity factors and the K concentration 
of the root tips of 25.3 pmol (gfr. wt.)'*, as determined by atomic emis- 
sion spectroscopy (Lazof et al. 1994a). This estimate would agree with 
being off-scale when ratioed to ”aF at about 200 cps in separate 
trials, as noted above. Furthermore, assuming a FW:DW ratio of 20, this 
level of trace Al indicates total Al levels of about 25 ppb in freeze-dried 
samples. Similar ppb levels have been detected with the same instrument 
in control brain tissue (Smith et al. 1996). Since Al has long been recog- 
nized as a particularly good analyte for SIMS analysis (e.g.. Fig. 2.9 in 
Vickerman et al. 1989), the detection level achieved was not astonishing, 
either for this particular instrument, or as a trace level in biological tis- 
sue. 

It was not feasible to image such low levels of Al even in the ion mi- 
croprobe mode. It was not possible to resolve whether the background 
Al levels occur in cells or are limited to cell walls. However, the low 
background of "Af in control soybean root tissue has the fortunate con- 
sequence of implying that in the published “Af images, all of the Al sig- 
nal resulted from Al entry into the tissue during the exposure period. In 
this respect it might be noted that even the lowest level of intracellular Al 
reported thus far in SIMS analysis of root tissue [10 nmol (gfr. wt.)''; 
Lazof et al. 1994a] is more than 200-fold the background levels found in 
these studies of control soybean root tissue (including cell wall). 
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Fig. 5. A quantitative SIMS image set including *'K* and "Al* obtained from the mid- 
cortical region of a cryosection from a mature region of a corn root. The images were 
acquired for 40 and 600 s, respectively. The low level grays in the ”A1* image were en- 
hanced about fourfold for photoreproduction. The seedling had been grown in a com- 
plete nutrient solution for 1 week without amendment for Al. Asterisks mark two cells 
which show very faint, but noticeable, levels of Al. A probable dust particle (D) is pointed 
out 



In the case of mature regions of corn roots, which like the soybean 
control roots had not been Al-treated during solution culture, Al could 
be imaged inside mid-cortical cells when operating the SIMS instrument 
in the ion microprobe mode, but only within certain cells (Fig. 5). The 
Al:K elemental ratios (see Sect. 3.c) within the two cells (Fig. 5, asterisks) 
containing a ^^Af signal as a faint gray level was about 2 x 10'^ This mi- 
crolocalized level is an Al:K ratio equivalent to 40% of the average level 
found throughout cells in the mid-cortex of the mature region of soy- 
bean roots after 4-h exposure to 38 |lM {Al’*} (Lazof et al. 1996b). The Al 
accumulated in the mature corn might have originated in either the seed 
or from exogenous contamination during solution culture. Note how the 
native Al generates a ”Al* signal much different from the probable dust 
particle (D, Fig. 5). Imagable levels of native Al accumulation were never 
found in cells of mature soybean roots, germinated and cultured in 
similar solutions and under similar environmental conditions. It is un- 
known at present whether this difference in native Al applies only to 
these two particular genotypes of the species (Essex soybean and 
W64E X W182E corn), or possibly even to only these particular seed lots. 

It should be noted that consideration of potential contamination re- 
quires cryopreparation (Lazof et al. 1994b). Contaminating levels of Al 
have been reported for embedding mediums in the 100s of ppm range 
(Eeckaoudt et al. 1995) and for embedding capsules themselves (Blotcky 
et al. 1992; Morgan et al. 1975). Possibly, materials for embedding might 
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be selected with more restricted trace levels of Al, but it would be neces- 
sary to check trace levels before processing specimens. Still, any mi- 
crolocalization becomes increasingly suspect, the greater the deviation 
from cryopreparation, in any case, due to increasing opportunities for 
distribution. 



4. Absorption of Al into Root Cells 

Using SIMS, the intracellular accumulation of Al within cells of the root 
tip (0.3-0.8 mm from apex) was determined after intact roots were ex- 
posed to 38 pM {Al’"^} for just 30 min (Fig. 5a in Lazof et al. 1994a). This 
was the first definitive (direct) evidence that Al does enter root cells 
within the early time frame in which the first plant responses have been 
detected. In the ^^AF secondary ion image, it was clear that Al had pene- 
trated to and accumulated in cells located up to 120 pm (several cell lay- 
ers) from the root edge (Fig. 5a in Lazof et al. 1994a). With the collection 
of image sets at low (< 8 nA) primary beam current, Al:K elemental ra- 
tios could be determined quantitatively. In these root tip sections the 
detected Al was primarily intracellular, since it was not concentrated in 
the cell walls. It was largely cytoplasmic, possibly including vacuolar 
vesicles, since the cells are densely cytoplasmic (Fig. 4 in Lazof et al. 
1994a and Fig. 4 here). The elemental ratios ranged from 2.8 x 10"’ to 
1.1 X 10■^ corresponding to a concentration range of approximately 70 to 
28 nmol (gfr. wt.)‘‘ at positions ranging from the root edge to 60 pm 
within the root tip. Initial rates of Al accumulation in cells of the root 
periphery were 140 nmol (gfr. wt.)‘‘, although these were found to taper 
off by 90% during the first day of Al exposure (Table IV in Lazof et al. 
1994b). 

Additional SIMS analyses have shown that during a 4-h exposure, Al 
entered into cells at greater rates in more developed regions of the root 
than in the 0.3 to 0.8 mm tip (Lazof et al. 1996b). In the most developed 
region of the root examined (primary root bearing lateral roots between 
2 and 4 cm length), the 4-h rate of Al absorption was about three times 
greater than that found in the root tip in the same period. Of this Al ab- 
sorbed into the mature root region, 70% was found to have penetrated 
deeper than 80 pm into the root (Fig. 5 in Lazof et al. 1996b). Little of the 
imaged Al resided in the cell wall of these K-citrate rinsed roots (Table II 
in Lazof et al. 1996a), as confirmed with additional analyses here (Sect. 
3.b.a, Table 2). These results form the second set of evidence that intra- 
cellular Al accumulates within the early phase of Al toxicity (< 6 h), but 
with the intracellular accumulation shown to be common to root tissue 
of various developmental stages. 

Beyond the obvious differences in sensitivity between SIMS conven- 
tional EPXMA (Sect. 2.c, 3.a), it should be emphasized that SIMS is 
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classes as surface analyses, while EPXMA is not. The protocol using the 
8-nA primary beam current was estimated to remove only a few 
nanometers of material per minute (Goldsmith et al. 1994; Lazof et al. 
1994b). Furthermore, SIMS is direct. It is the ionized mass-discriminated 
particles from the specimen surface, not characteristic quanta (second- 
ary electrons. X-rays, particular wavelengths of fluorescing dye, etc.), 
which are focused, mass discriminated, and directly digitized at the de- 
tector. The depth of the primary beam/specimen interaction is, there- 
fore, several orders of magnitude less than for EPXMA, as performed 
with frozen-hydrated specimens (Fig. 1), which itself is far superior in 
depth resolution to analysis of freeze-dried bulk samples. Considerable 
effort was expended in developing a cryosectioning technique which 
would be applicable to both mature and meristematic root tissues (Lazof 
et al. 1994b). Cryotechniques had not been previously conjoined with 
SIMS microlocalization to examine aspects of any sort of physiological 
regulation in plants. The cryosectioning prior to freeze-drying limited 
the extent of lateral motion during freeze-drying to a few micrometers 
since a vertical limit is reached at the Si substrate prior to deep etching 
(Lazof et al. 1994b). 

The micromolar [nmol (gfr. wt.) ‘] levels of internal Al reported using 
SIMS analysis have been indicated elsewhere to be effective in disrupting 
cell metabolism (Martin 1986; MacDonald and Martin 1988). The lowest 
level detected was not at the limit of instrumental detection. Nor was the 
lateral resolution limit instrumental in origin, but rather introduced by 
the specimen preparation (Sect. 3.b). Improved quantitation of localized 
Al will be attempted through parallel EPXMA used to establish the [K] 
across the specimens. With interest focused on the first few hours of 
exposure to moderate [AB"^}, SIMS appears to be the only available im- 
aging technique able to reliably determine intracellular Al levels in par- 
ticular cells and across a section of tissue (Delhaize and Ryan 1995). 
How will the determination of Al accumulation across intact roots con- 
tribute, however, to the basic understanding of Al toxicity or of the 
mechanism of Al tolerance in plants? The first step towards this im- 
proved understanding might be a thorough testing of whether intracellu- 
lar Al is localized at cellular sites where early metabolic responses are 
evident and whether this coincidence occurs within the time frame of the 
first documented metabolic effects. This first step requires studies in 
several plant species, both in terms of Al localization and early metabolic 
effects. Of course, the study of the early effects must be limited to those 
for which available techniques are capable of detecting a rapid effect, 
should one occur. For example, studies of effects on cell division at the 
root apex have relied thus far on disturbances of the cell cycle, usually 
measuring the percentage of cells in metaphase. In principle this as- 
sessment cannot be shortened to a few hours, since accumulation in a 
particular mitotic phase would not be apparent for several hours, even if 
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a blockage of the cycle began immediately. Disturbances to ion transport 
would seem to be a logical choice for monitoring metabolic distur- 
bances, since these have been shown to be both early in occurrence 
(Sect, l.c) and subject to monitoring on a microanalytical scale, possibly 
in the same tissue sections and utilizing the stable isotope specificity of 
SIMS (Lazof et al. 1992a). 

After both Al accumulation and metabolic effects are localized to the 
same cellular location, doubts will persist as to whether Al plays a direct 
role in the metabolic response. The comparison of Al-tolerant to Al- 
sensitive genotypes might suggest whether the Al accumulation is more 
than "coincidental". Furthermore, the reversibility and acclimation 
process could be studied both in terms of localized metabolic effects and 
Al accumulation. In this endeavor the ability to distinguish Al levels in 
the cytoplasm from those in the cell wall or vacuole would be extremely 
helpful, as such compartmentation might be linked to acclimation. This 
might be achieved if ultra-thin frozen sections can be cut for freeze- 
drying. In this lateral resolution would be preserved to nearer the in- 
strumental limit (ca. 0.5 pm in the ion microprobe mode). 



5. Future Directions 

If a critical role for intracellular Al in Al toxicity seems indicated, addi- 
tional paths might prove worthwhile for further physiological experi- 
mentation. These might include extraction and biochemical assessment 
of activities and/or structural integrity of specific enzymes, transport 
proteins or other key molecules implicated in the metabolic distur- 
bances. Following this, it might be possible to identify such specific 
proteins and characterize them with regard to the in situ binding of Al 
after only brief exposure to moderate Al3^. Another path would be in- 
vestigation of the processes and/or structures by which tolerant geno- 
types limit Al entry into the root or into critical cells. This might overlap 
with the assessment of cellular sequestration and consider correlation to 
genotypic tolerance. 

The in situ localization of Al remains a key question in understanding 
the mechanism of this enormously important limitation to plant growth 
and crop productivity. It seems less than wise to concentrate exclusively 
on biochemical questions, assessing the function of particular enzyme 
systems, without serious attention to whether the likely causal agents 
affect related cellular processes in the relevant cells of intact roots. There 
exists, after all, a daunting number of possible cellular disruptions and 
possible associated direct effects on key enzymes. Similarly, if malate 
excretion is to be judged an important Al-tolerant mechanism for some 
plant species (Sect, l.c.a), it might be appropriate to find out whether or 
not malate production and excretion actually alter intracellular Al ac- 




146 



Physiology 



cumulation, a question which, apparently, remains fully unexamined at 
this time. To sort out which biochemical disruptions or induced proteins 
are merely "coincident" with cell damage (Sect, l.c.a) and which might 
be involved in primary response within critical cells, would seem to re- 
quire in situ studies at some point in any event. 
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II. Regulatory Interaction 
of Carbon- and Nitrogen Metabolism 

By Werner M. Kaiser 



1. Introduction 

Plant growth and biomass depend largely on acquisition of carbon (as 
atmospheric COJ and nitrogen (mainly, but not exclusively as nitrate 
from the soil). Plant organic matter contains both elements in C/N ratios 
which may be as high as 10’ or more in woody plants, but only 5 or 6 in 
rapidly growing herbaceous plants or algae. Nitrogen and carbon me- 
tabolism are linked because they share organic carbon and energy which 
are ultimately derived from photosynthesis. Depending on the C/N ratio, 
the amount of energy required for nitrogen assimilation relative to that 
for carbon assimilation is extremely variable, but may be as high as 20% 
of total photsynthetic energy gain. Even for well-watered and fertilized 
plants, availability of carbon dioxide and nitrogen fluctuate independ- 
ently and often in opposite directions. Fluctuations are "buffered" in part 
by storage of excess C or N. Further, there are many indications that C- 
and N metabolism control each other, at the level of both gene expres- 
sion and enzyme activity. Regulation is required, as both pathways in- 
clude enzymatic steps that catalyze "practically irreversible" reactions 
which are accompanied by large increases in entropy and which would 
otherwise run until all substrate pools are exhausted. In the following, 
regulatory interactions of C- and N metabolism of higher plants will be 
briefly discussed. For more details, the interested reader may refer to 
recent reviews on the subject, e.g., Huber et al. (1994), Huppe and 
Turpin (1994), Crawford (1995), Stitt and Sonnewald (1995). 



2. Storage of C- and N Compounds May Buffer Fluctuations 
in C- and N Supply 

In times of relative excess, carbon and nitrogen can be stored and are 
mobilized in times of shortages. Carbon is usually deposited as starch, 
but to a smaller extent also as sugar (sucrose concentrations in leaves 
may be >100 mM, and, of course, much higher in special storage tis- 
sues). Carbonic acids (not including oxalic acid) may be stored in leaves 
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mainly as malate in concentrations up to 50 |xmol/g fr. wt. or more (Lang 
and Kaiser 1994, Speer and Kaiser 1994). Storage of 100 pmol sucrose 
plus 150 g starch per g fr. wt. is equivalent to 2200 pmol carbon/g fr. wt. 
Thus, fully developed green leaves may store carbon equivalent to about 
2 days of photosynthesis. 

Excess inorganic nitrogen can be stored in leaves and roots as nitrate, 
which under high nitrate supply and in some species may reach concen- 
trations up to 150|Jmol/g fr. wt. (Schroppel-Meier and Kaiser 1988; 
Speer and Kaiser 1991, 1994). Storage nitrate is located mainly in the 
vacuole, while cytoplasmic nitrate concentrations are kept rather con- 
stant (Schroppel-Meier and Kaiser 1988, Speer and Kaiser 1991, 1994). 

Storage of ammonium is less advantageous. Ammonia may passively 
penetrate into acidic compartments such as the vacuole or the innter 
thylakoid space, and accumulate as ammonium. In high concentrations, 
it may depolarize membranes and abolish electrochemical transmem- 
brane gradients which act as driving forces for many transport proc- 
esses. Accordingly, ammonium concentrations in plant tissues are usu- 
ally below 1 |imol/g fr. wt. However, even with ammonium as the sole 
nitrogen source, when cellular concentration may exceed 10 |Jmol/g fr. 
wt., the energy status of cells was undisturbed (Lang and Kaiser 1994). 

Nitrite is even less suited for storage of inorganic N. As a weak acid, it 
accumulates in alkaline compartments such as the chloroplast stroma 
and the cytosol, and in high concentrations it may acidify these com- 
partments to an extent that inhibits enzymatic reactions. In addition, 
nitrite is rather toxic due to its ability to diazotize amino groups. 
Therefore, nitrite concentrations rarely exceed a level of a few nmol/g 
FW. 

Of course, reduced nitrogen may be stored as amino acids, amines, or 
related compounds (allantoin, polyamines), which may reach concen- 
trations similar to concentrations of soluble carbohydrates. However, it 
should be noted that only organic molecules with a low C/N ratio, such 
as arginine or polyamines, may serve as "net nitrogen" stores and are 
therefore suited as buffers under fluctuating C and N acquisition. 

These brief considerations indicate that a transient imbalance be- 
tween nitrogen and carbon acquisition may be ’Tiuffered" to some extent 
by storage of nitrogen and carbon. However, as products of nitrate re- 
duction may be toxic in higher concentrations, nitrate reduction (and to 
some extent nitrate uptake) should be synchronized with carbohydrate 
availability in such way that nitrite or ammonium accumulation is 
avoided. 
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3. How N Regulates C 

The intensity and form of N supplied through the soil has dramatic ef- 
fects on total biomass acquisition and on the ratio of root-to-shoot de- 
velopment. These growth responses must be preceded by changes in 
metabolism. With increasing N supply, the total amount of structural 
carbohydrates (mainly cellulose) usually remains constant, whereas 
sugar and starch contents decrease drastically (Hehl and Mengel 1972; 
Rufty et al. 1989). Transgenic plants expressing low NR contained more 
starch and sucrose than the wild-type controls (Foyer et al. 1994a). Un- 
der low nitrogen, a larger part of carbohydrates is translocated from 
leaves to roots, which grow faster, decreasing the shoot-to-root ratio. 
With increasing N availability, more carbon is directed into amino acid 
and protein synthesis, and less into carbohydrate. Probably nitrate or 
compounds downstream nitrate reduction act as signals that change 
either the expression of genes or that act as allosteric effectors of existing 
enzymes, or of auxiliary enzymes which modulate pathway enzymes. 
There are probably a number of as yet unknown regulatory steps where 
C- and N metabolism meet directly. In the following, we will focus on 
just a few steps which, to our present knowledge, play a central role in 
N/C interactions. 



a) PEP Carboxylase (PEPC, EC 4.1.1.31) 

Depending on N supply, the plant has to "decide" whether carbon flow 
should be directed into sugar or starch synthesis or into synthesis of 
organic acids which serve as carbon skeletons. Organic acids may origi- 
nate from the citric acid cycle located in the mitochondrial matrix and 
have to be converted to 2-oxoglutarate (in the mitochondria or the cy- 
tosol) which serves as the major carbon skeleton. In all plants, cytosolic 
PEPC plays a central role either for directly delivering oxaloacetate for 
biosynthesis of aspartate or for "filling up" the citric acid cycle. In addi- 
tion, in C, and CAM plants, it is the primary carboxylating enzyme that 
fixes atmospheric CO, . PEPC catalyzes the ^-carboxylation reaction: 

Phosphoenolpyrovate -i- HCO,’ — > oxaloacetate + Pi. 

Evidence is increasing that this central enzyme is regulated at the level of 
both transcription or translation and at the posttranslational level, and 
that N substrates or intermediates interact at all levels of regulation. 
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a) Regulation of PEPC Gene Expression 

In plants, PEPC gene expression is strongly affected by nitrogen nu- 
trition. Both m-RNA and protein of PEPC in N-starved maize increased 
when plants were supplemented with nitrate, ammonium, or glutamine 
(Sugiharto et al. 1990; Sugiharto and Sugiyama 1992). Probably, glu- 
tamine or another product of N assimilation downstream ammonia as- 
similation acts as a signal. 

In Cj plants kept for some days in continuous darkness, PEPC protein 
levels and PEPC activity were low and increased rapidly in the light (Van 
Quy et al. 1991). The light effect was enhanced when plants were fed with 
high nitrate. The triggers are as yet unknown, and a comparison of light 
effects with effects of sugar feeding has not been carried out. It is un- 
known, therefore, whether the light effect on PEPC activation is actually 
mediated via the carbohydrate status, or by nitrate, or by a product 
downstream nitrate reduction. 



P) Allosteric Properties and Posttranslational Modulation of PEPC 

PEPC is an allosteric enzyme that is activated, e.g., by G6P, and inhibited 
by L-malate. A complete list of various metabolic effectors has been 
given by Rajagopalan et al. (1994). There is no evidence that PEPC of 
higher plants is allosterically affected by nitrate or compounds down- 
stream nitrate reduction, with the exception of aspartate, which is a 
rather weak inhibitor in Cj-plants. The above mentioned rapid stimula- 
tion by ammonium of PEPcarboxylation in vivo may reflect a response 
to cellular pH changes rather than a direct ammonium effect on PEPC 
(Muller et al. 1990, 1991). In addition to direct allosteric modulation, 
PEPC is modulated by reversible protein phosphorylation (Nimmo et al. 
1987; Jiao and Chollet 1988; Schuller and Werner 1993; Wang and 
Chollet 1993; Duff and Chollet 1995; Duff et al. 1995). The degree of 
phosphorylation increases in the light, rendering the enzyme less sensi- 
tive to feedback inhibition by L-malate. Most of our present knowledge 
on the posttranslational phosphorylation/dephosphorylation of PEPC 
was derived from investigations on C^ plants, although similar properties 
have been ascribed to PEPC from wheat leaves (Van Quy et al. 1991). In 
C^ plants, the regulatory phosphorylation site is at Ser 8 or Ser-15 near 
the N terminus (Jiao and Chollet 1991; Jiao et al. 1991). In the facultative 
CAM plant Mesembryanthemum crystallinum, Ser-11 was identified as 
the regulatory phosphorylation site (Baur et al. 1992). The deduced 
amino acid sequences of the Cj forms of PEPC contains a homologue to 
the regulatory Ser-15 of maize (see Huber et al. 1994, and references 
cited). PEPC kinase in maize appears to be Ca^^^-dependent, whereas in 
CAM plants, the kinase appeared Ca^*-independent, and the stoichiome- 
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try of regulatory phosphorylation was 1 P/subunit (Huber et al. 1994, 
and literature cited). 

Addition of nitrate to maize plants grown at low N supply caused a 
rapid increase in extractable PEPC activity, which was probably due to 
increased protein phosphorylation (Foyer et al. 1994b). In maize, the 
activity of PEPC kinase increased in the light (Echevarria et al. 1990). 
Allosteric inhibitors of PEPC also act on PEPC kinase, reducing its ac- 
tivity. It is not known whether the metabolite effects result from binding 
to the kinase, to PEPC or both. In addition to that, short-term turnover 
of PEPC kinase itself or a modifying protein appears to be part of the 
regulatory cascade (Huber et al. 1994, and references cited). Both Ca^"^ 
and an increase in cytosolic pH may be involved in the induction of 
PEPC kinase in Sorghum (Pierre et al. 1992). Also, there is one report 
that nitrate enhanced the PEPC protein kinase activity in wheat leaves 
(Van Quy et al. 1990; Van Quy and Champigny 1992), an idea that has 
been further promoted by Champigny and Foyer (1992). 

While the important role of PEPC phosphorylation/dephosphor^da- 
tion) for light/dark modulation is undebatable in C^ plants, it has been 
questioned for Cj plants. By a comparison of PEPC activity and its 
malate sensitivity in extracts from light- and dark leaves of many C, 
species, Gupta et al. (1994) came to the conclusion that modulation by 
reversible protein phosphorylation played only a minor, if any, role in C, 
plants. In support of this, we observed that PEP carboxylation of pea 
leaves (measured as dark-CO^ fixation) underwent rapid light-dark 
modulation in vivo, but without indication for covalent modification or 
a change in malate sensitivity (Leport et al. 1996). The impression pre- 
vailed that at constant N supply Cj-PEPC was light/dark-regulated al- 
most exclusively via allosteric effects. This requires a light/dark change 
in cytosolic substrate (PEP) or effector (malate, aspartate, G6P) concen- 
trations. 

After transfer of nitrate-grown pea plants to ammonium or to an N- 
free substrate, the diurnal variations (high in the light, low in the dark) 
of PEP carboxylation in vivo disappeared within 4 to 5 days. Thereafter, 
rates remained at the high light level (Leport et al., 1996). Apparently, 
PEPC was deregulated when nitrate was removed, irrespective of the 
presence or absence of ammonium. Thus, the response was a specific 
one to nitrate, not to N. As the deregulation of in vivo PEP carboxylation 
was accompanied by a drastic decrease of the leaf malate content, it was 
suggested as a working hypothesis that in the absence of nitrate, cytoso- 
lic malate levels were too low to permit allosteric inhibition of PEPC. It is 
as yet unknown why and how organic acids were degraded after removal 
of nitrate. 

Altogether, there is no doubt, that nitrogen supply has profound ef- 
fects on carbon flux through PEPC. Nitrate appears to directly act as a 
signal stimulating gene expression and the amount of PEPC protein. In 
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addition, nitrate may function as a signal metabolite activating a cytoso- 
lic PEPC-kinase, which would increase the phosphorylation status of 
PEPC, decreasing its malate sensitivity. Both effects together may lead to 
increased rates of PEP carboxylation in response to nitrate. Ammonium 
also causes a rapid stimulation of PEPC, but the mechanisms are proba- 
bly different from the nitrate effect. 



b) Sucrose Synthesis 

The rates of sucrose synthesis and sucrose export from sink leaves are 
probably controlled at several steps. They depend on photosynthesis 
rates, on sink activity, but also on carbohydrate consumption within the 
source leaf (source activity). The latter should depend, among other 
factors, on the degree of nitrate reduction and assimilation taking place 
within the leaf. After carbohydrate is exported from the chloroplast, a 
first control point will be carbon flux through glycolysis, which involves 
regulation of FBPase by F2,6P. Accumulation of F6P leads to an increase 
in F2,6P, which inhibits cytosolic FBPase. F2,P6 kinase (which produces 
F2,6P) is inhibited by 3-PGA, PEP, Triose-P, and is activated by Pi and 
F6P. F2,6Pase is inhibited by Pi and F6P (Stitt 1990). Thus, when triose- 
phosphates are exported from the chloroplast, the F2,6P-level will drop, 
leading to an activation of cytosolic FBPase and an increased carbon flux 
to sucrose. 

At a later point in the reaction chain, and probably as important for 
flux control, sucrose synthesis is mediated by sucrose phosphate syn- 
thase (SPS, EC 2.4.2.14). 

The enzyme catalyzes the reaction: 

UDP-glucose -b fructose-6-phosphate <-> sucrose-6-phosphate + UDP. 

Its activity decreases when sucrose accumulates, but there is no direct 
sucrose effect on SPS. The enzyme is usually active in the light and inac- 
tive in the dark. The enzyme level is controlled during leaf development 
and by light (Huber et al. 1994). 

SPS is allosterically modulated. The spinach and maize enzyme is ac- 
tivated by G6P and inhibited by Pi. In addition, the enzyme is modulated 
via reversible protein phosphorylation (Huber and Huber 1990, 1992) at 
Serin 158 in spinach (McMichael et al. 1993; Huber et al. 1994). The 
phospho-enzyme is more sensitive to inhibition by Pi than the dephos- 
pho form. Both, Pi and G6P also act as effectors of SPS protein phospho- 
rylation/dephosphorylation. Inorganic phosphate inhibits SPS phos- 
phatase and G6P inhibits the kinase (Huber et al. 1989, 1994; Huber and 
Huber 1992). 

There is no indication that cytosolic FBPase or SPS are directly af- 
fected by N metabolites. Tobacco transformants with strongly decreased 
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NR activity had unchanged levels of SPS activity (Foyer et al. 1994a). The 
levels of SPS transcript and protein appear to be rather constant. 

An interesting concept for carbon partitioning in response to nitrate 
has been proposed by Champigny and Foyer (1992). They suggested that 
nitrate (or a product downstream nitrate reduction) functions as a signal 
metabolite activating the cytosolic protein kinases for SPS and PEPC. 
While phosphorylation inactivates SPS, it activates PEPC (see above). 
Thereby carbon flow through sucrose should be decreased and diverted 
towards PEPC and amino acid synthesis. However, effects of nitrate 
feeding to N-deficient wheat seedlings on SPS activation were only tran- 
sient (Van Quy et al. 1991). Generalization of the concept is also ques- 
tionable for another reason: like SPS kinase and PEPC kinase, NR pro- 
tein is located in the cytosol. If NR-kinase were also activated by nitrate, 
the NR phosphorylation status should be increased and activity should 
be decreased, which makes no sense. Thus, the sequence of events lead- 
ing to a decrease in sucrose synthesis in response to high nitrate supply 
is still unclear. As a working hypothesis, we suggest that the pathways 
are actually connected via PEPC as in the following scenario. 

With increasing nitrate supply, PEPCase activity increases (nitrate 
induced) for improved amino acid synthesis. This may lead to a drop in 
PEP concentration. Decreased PEP would activate F2,6P kinase leading 
to high F2,6P levels. High F2,6P inhibits cytosolic FBPase and favors 
phosphorylation and inactivation of SPS. Clearly, a crucial point to test 
this hypothesis would be to measure PEP levels in response to the N 
supply. 



c) Starch Synthesis 

Many biochemical and molecular studies have shown that starch syn- 
thesis in the plastids is regulated at the level of ADPglucose pyrophos- 
phorylase. The enzyme is strongly activated by 3PGA and inhibited by Pi 
(Ghosh and Preiss 1966; Kaiser and Bassham 1979). At the same time, 
high Pi levels will favor phosphorolytic starch breakdown. Thus, the 
observation that high nitrate supply decreases the starch content in 
leaves should be related to the plastidic phosphate and PGA pools. As 
for sucrose synthesis, coupling of starch metabolism to N assimilation 
may occur via PEPcarboxylation: increased consumption of PEP may 
also decrease cytosolic (and plastidic) PGA levels, thereby slowing down 
starch synthesis. Cytosolic PEP levels are connected with PGA via two 
freely reversible steps. Interestingly, high nitrate supply may repress 
formation of ADP glucose pyrophosphorylase (Stitt, pers. comm.). On 
the other hand, the above described inactivation of SPS by nitrate would 
slow down Pi regeneration, thereby decreasing cytosolic and plastidic Pi 
levels, which should favor starch synthesis. Clearly, our present knowl- 
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edge on the interaction of different pathways is too limited to permit 
final conclusions. 



d) Oxidative Pentose Phosphate Cycle 

In roots, reductand for nitrate assimilation is provided mainly by the 
OPP cycle. All enzymes of the OPP cycle are present both in the plastids 
and the cytosol. OPP enzyme activities increased when roots were incu- 
bated with nitrate (Huppe and Turpin 1994). It is not known to what 
extent this increase is due to regulation of gene expression or of al- 
losteric modulation. Transfer of electrons to nitrite in root plastids re- 
quires ferredoxin. A ferredoxin: NADP oxidoreductase is induced by 
nitrate in roots of maize (Gowri et al. 1992). 



4. How C Regulates N 

There is also evidence that carbohydrate availability has profound regu- 
latory effects on various steps of N metabolism. Interaction may occur at 
the level of nitrate uptake, transport, reduction, and ammonium assimi- 
lation. At the whole plant level, such an interaction may be indicated by 
fluctuations in the concentration of nitrate stored in roots or leaves, in 
response to environmental conditions which affect photosynthesis. It is 
known, e.g., that in periods of drought, when photosynthesis is low, 
plants often accumulate nitrate, indicating that uptake exceeds con- 
sumption. After rainfall, which opens stomata and permits high photo- 
synthesis, nitrate contents decrease again (Leclerc 1985). Stomatal clo- 
sure under rapidly imposed water stress prevents nitrate reduction in 
leaves (Kaiser and Forster 1989). In the following, possible sites and 
mechanisms of C- versus N metabolism will be considered. 



a) Nitrate Uptake 

Uptake of nitrate into the roots, loading into the xylem, and probably 
uptake from the leaf apoplast into leaf cells require energy. The uptake 
system must be flexible to satisfy the demand in face of extremely vari- 
able nitrate supply. Plants apparently have two distinct uptake systems 
with different affinities for nitrate. Generally, net nitrate uptake by roots 
is higher in the light than in the dark. The light dependence of nitrate 
uptake was due neither to changes in net efflux, nor to variations in ni- 
trate translocation from root to shoot, which depends on transpiration 
rates (Delhon et al. 1995a, b). 
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In young tobacco plants, uptake of '^NOj decreased drastically under 
extended darkness. Breakdown of nitrate uptake during extended dark- 
ness coincided with a depletion of tissue carbohydrates and about 60% 
decrease in root respiration (Rufty et al. 1989). That may reflect a limi- 
tation by energy supply, which is, however, not very probable, as 
ATP/ADP ratios are usually very constant in cells except under extreme 
conditions, such as anaerobiosis. Nitrate reduction also became very low 
under extended darkness (see below), and appeared even more sensitive 
than nitrate uptake (Rufty et al. 1989). When assimilate supply to the 
root was blocked by stem girdling, nitrate uptake of dwarf bean plants 
also ceased, but was at least partially restored by feeding sucrose to the 
roots. In decapitated plants which also had very low rates of nitrate up- 
take, glucose, but not fructose, restored nitrate uptake (Hanisch ten Cate 
and Breteler 1981). The described responses occur within a few hours. 
This is time enough to permit regulation at the level of both gene ex- 
pression and protein synthesis, as well as at the posttranslational or al- 
losteric level. No data are yet available to distinguish between these pos- 
sibilities. 



b) Nitrate Reduction 

Reduction of nitrate to nitrite and subsequent nitrite reduction to am- 
monium occur in different subcellular compartments. Nitrate reductase 
(NR, EC 1. 6.6.1) is located in the cytosol. It catalyzes the reaction: 

Nitrate + NADH — > nitrite -l- -h Hp. 

In contrast, ferredoxin-dependent nitrite reductase (NiR) is located in 
the plastids. There, nitrite is reduced to ammonium at the expense of six 
electrons. Because nitrite is toxic, activities of NR and NiR have to be 
coordinated. This is evident, as leaves or roots usually contain only very 
low levels of nitrite, even under rapidly changing environmental condi- 
tions (Riens and Heldt 1992). 



a) Regulation of NR Gene Expression 

NR (and, together with it, NiR) are known to have a relatively rapid 
turnover. In maize leaves, the half life for NR was about 6 h (Li and Oaks 
1993). This short life time of the protein is a prerequisite to adapt the 
enzyme levels to the needs. In green tissues, full expression of NR activ- 
ity requires light and nitrate, although low constitutive levels of NR may 
exist (Cheng et al. 1991; Deng et al. 1991). Nitrite reductase is also in- 
duced by nitrate (Wray 1993), and a nitrate-sensitive promoter region 
has been identified both on the NR and the NiR promoter (Rastogi et al. 
1993; Lin et al. 1994). In etiolated plants, NR and NiR transcript levels 
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are controlled by phytochrome and a "plastidic factor" (Schuster et al. 
1989; Becker et al. 1992). Any induction usually includes a large increase 
in NR mRNA, followed by an increase in NR protein (Crat^ord et al. 
1988; Long et al. 1992). After some hours, mRNA levels in both roots and 
leaves usually decrease again while NR protein levels are still increasing 
(Galangau et al. 1988; Melzer et al. 1989). This pattern of transcript and 
protein levels also occurs diurnally. In roots, NR expression is also con- 
trolled by nitrate, but in contrast to leaves, factors other than photore- 
ceptors must be at work. A connection of NR gene expression with the 
plant carbohydrate status is suggested by the findings of Caboche and 
co-workers. As nitrogen assimilation depends on availability of carbon 
skeletons, experiments were performed to determine whether induction 
could be mediated by high carbohydrate levels. Detached, dark-adapted 
leaves of Nicotiana plumbaginifolia were incubated with 0.2 M sucrose, 
glucose, or fructose, or with an equiosmolar salt solution. Sugars in- 
creased NR activity, protein level, and mRNA in the dark. Similar results 
were obtained with dark-grown Arabidopsis thaliana. In detached leaves 
of transgenic plants containing a construct in which the GUS gene was 
fused with the tobacco Nia 1 promoter, expression of the reporter gene 
was induced by sugars (Vincentz et al. 1993). Interestingly, light induc- 
tion of NiR mRNA in detached N. plumbaginifolia leaves could not be 
mimicked by adding sugars. Apparently, the two genes are regulated 
differently. 

Vincentz et al. (1993) showed also that a 1 h red light pulse on leaves 
incubated with sugar in the dark could enhance NR protein levels above 
that induced by sugars, but without affecting the Nia transcript pool. 
The conclusion is that a translational (or posttranslational) regulation of 
NR by light operates in addition to the transcriptional control exerted by 
light or sugars. 

The Nia gene expression is negatively affected by N-metabolites. 
Plants expressing an Nii antisense construct overexpress NR activity and 
NR-mRNA (Vaucheret et al. 1992). The data suggest that a product of 
nitrite reduction represses the Nia gene expression. In NR- or NiR- 
deficient plants, the level of this product should be low, and Nia and Nii 
expression would be depressed. Indeed, activation of GS, which leads to 
a fall in glutamine levels, results in accumulation of NR-mRNA (Deng et 
al. 1991). This was confirmed in experiments with detached N. plum- 
baginifolia leaves fed with high concentrations of glutamine. It is as yet 
unclear whether this represents a direct glutamine effect or whether a 
physical signal resulting from glutamine metabolism is involved. Direct 
metabolite effects can be defined unequivocally only by in vitro experi- 
ments where physical conditions are kept constant. 
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P) Posttranslational Control of NR 

During recent years, it has become evident that NR activity is also post- 
translationally modulated. When assayed in crude extracts in the pres- 
ence of Mg“, NR activity from leaves decreased within minutes after 
transition from light to dark (Kaiser et al. 1992, 1993; Riens and Heldt 
1992). This was not a direct light effect, as it occured also upon transi- 
tion from air level CO^ to COj-free air (Kaiser and Brendle-Behnisch 
1991). In detached leaves, the dark inactivation could be prevented by 
feeding sugar or sugar-P through the leaf petiole (De Cires et al. 1993). 
NR activity in roots dropped within a few hours when plants were de- 
topped, or when the shoots were darkened. NR inactivation paralleled 
decreasing sugar or malate levels, indicating the dependence of root 
nitrate reduction on assimilate supply by the shoot (Deane-Drummond 
et al. 1979; Glaab and Kaiser 1993). Clearly, NR activity in roots and 
leaves is affected by carbohydrate supply, and often activation/deactiva- 
tion required only minutes. This modulation type is not considered as 
an on/off switch, but as a means to adapt the velocity of nitrate reduc- 
tion to rapidly changing carbohydrate supply. 

The modulation mechanism appears to be unique. To our present 
knowledge, it consists of two steps: for inactivation, NR is phosphory- 
lated at serine-543 (Douglas et al. 1995; Bachmann et al. 1996) located in 
the MoCo domain. The protein kinase (NR-PK) is Ca^"^-dependent and 
has a MW of 45 to 60 kDa (Spill and Kaiser 1994; Bachmann et al. 1995). 
In the presence of Mg^"^, the phospho-enzyme binds to an inhibitor pro- 
tein (NR-IP). Reported molecuar weights of NR-IP vary from 70 to 
115 kDa (Spill and Kaiser 1994; Bachmann et al. 1995; Glaab and Kaiser 
1995; MacKintosh et al. 1995). Reactivation of NR is achieved by 
dephosphorylation through a protein phosphatase which, according to 
its inhibitor sensitivity, belongs to the PP2A type (Kaiser and Huber 
1994a). Dephosphorylation releases the inhibitor protein. Thus, the 
posttranslational modulation of NR requires at least three auxiliary 
proteins. Theoretically, each of these auxiliary proteins may again be 
subjected to regulation at transcriptional, translational, or posttransla- 
tional level. However, available data suggests that all three proteins (NR- 
PK, NR-PP, and NR-IP) are ubiquitous in higher plant tissues, including 
fruits, and are present even when NR is not induced (Glaab and Kaiser 
1996). Accordingly, NR-PK and NR-PP are probably allosterically 
modulated. 

Some metabolites which might act as signals have been indentified. In 
vitro, AMP, hexose mono-P, PGA, and triose-P partially inhibit NR 
phosphorylation and stimulate NR dephosphorylation (Kaiser and 
Huber 1994a, b; Glaab and Kaiser 1995). Binding of IP is not affected by 
these compounds, but requires divalent cations. The AMP effect was also 
studied in vivo by using AICAR (5-amino-4-imidazolcarboxyamide ri- 
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boside) as a permeating compound which is phosphorylated inside the 
cell to AICARibotide, acting as an AMP analogue without changing the 
levels of other nucleotides (Huber and Kaiser, unpubL). Since NR-PK is 
calcium-dependent, one might speculate that cytosolic-free Ca^^ may 
also act as a signal. In addition, the cytosolic pH may be important at 
least under extreme conditions such as hypoxia or anoxia, where the 
cytosolic pH decreases. Artificial tissue acidification activated NR in 
vivo, and alkalinization inactivated (Kaiser and Brendle-Behnisch 1995). 

The parallel activation of NR and PEPC is achieved by phosphoryla- 
tion of PEPC and dephosphorylation of NR. Thus, the kinases and phos- 
phatases for NR and PEPC within the cytosolic compartment must be 
regulated in opposite directions, but perhaps by identical signals (see 
below). Presently, it is not yet clear how these contrasting requirements 
are met. Both kinases are Ca^"^-dependent serine/threonine kinases. If 
cytosolic-free Ca^^ was a signal, as suggested (Pierre et al. 1992, Bach- 
mann et al. 1995), the modulation should be unidirectional. 

The carbohydrate content of leaf cells is usually low at the end of the 
night, and highest towards the end of the day. Thus, if NRA is adjusted 
by the above described modulation in such a way that it is at maximum 
when carbohydrates are high, NRA should be in its most active state 
towards the end of the day. However, this has never been observed, and 
frequently in the late afternoon (with constant light intensity through- 
out) NRA was almost as low as in the dark (Kaiser, unpubL). The reason 
for this response is not yet understood. 

Undoubtedly, NR gene expression and posttranslational modulation 
are both positively affected by the carbohydrate status. Whether they 
also share similar signals is not known yet. Regulation of NR protein 
level is a function not only of gene expression, but also of enzyme degra- 
dation. One might assume that the inactive phospho-enzyme is more 
rapidly degraded than the active dephospho NR. In other words, NR 
protein would disappear more rapidly if a larger part of NR is in the 
phosphorylated, inactive state. 



5. Prospects 

Many aspects of C/N interactions are still open for research, with both 
conventional biochemical and physiological methods, and by using mo- 
lecular biology and reverse genetics as valuable tools. Up to now, 
changing gene expression and resulting enzyme protein levels in trans- 
formants often had surprisingly little effect on plant growth and me- 
tabolism (cf. Crawford 1995; Stitt and Sonnewald 1995, and references 
cited). This tells us that our simple thinking of up- and downregulation 
needs some reconsideration. Probably, "survival of the fittest" has cre- 
ated more redundancy in primary metabolic pathways and their regula- 
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tion than expected. Nevertheless, searching for "regulatory" mutants or 
transformants presently appears as the most promising tool for further 
progress in research on the regulation of C- and N metabolism (cf. Hoff 
et al. 1994). 
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III. Regulation of Sulfur Metabolism in Plants: 
First Molecular Approaches 

By Christian Brunold and Heinz Rennenberg 



1. Introduction 

Sulfate assimilation is a fundamental biological process in which sulfate 
is reduced to the thiol level and incorporated into a C skeleton, thus 
forming cysteine in photosynthetic and prokaryotic organisms (Schmidt 
and Jager 1992; Kredich 1996), or homocysteine in fungi (Cherest and 
Surdin-Kerjan 1992; Cherest et al. 1993; Thomas et al. 1992; Brzywczy 
and Paszewski 1993, 1994; Fig. 1). Cysteine or homocysteine provide the 

Sulfate 

Assimilatory sulfate 
reduction and 
cysteine formation 



Cysteine 



Glutathione / \ Methionine 
synthesis / \ synthesis 



ATP+ glutamic 
acid 



0-phospho- 

homoserine 



y -glutamyl- Cystathionine 
cysteine 1 



ATP+ glycine- 



Glutathione 



I ^ Serine 

Homocysteine 




Methionine 



Fig. 1. Synthesis of cysteine, glutathione, and methionine. Homocysteine is formed in- 
stead of cysteine as end product of assimilatory sulfate reduction in fungi. The methyl 
donor for methionine formation is N^-methyltetrahydrofolate triglutamate 
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sulfur of all other biological organic compounds containing reduced 
sulfur at a valency of -2, especially methionine (Ravanel et al. 1995) and 
glutathione (Bergmann and Rennenberg 1993). This progress report will 
focus on sulfate assimilation and glutathione synthesis, but will omit 
recent findings on sulfate uptake (Bell et al. 1995; Smith et al. 1995) and 
methionine biosynthesis (Kuras and Thomas 1995, Ravanel et al. 1995; 
Thomas et al. 1995). 

Sulfate assimilation appears to be present in all photosynthetic organ- 
isms and their close relatives, in fungi, and in most prokaryotic organ- 
isms. Compared to nitrate and carbon assimilation, our knowledge of 
sulfate assimilation in plants has lagged behind, and only recently have 
methods of molecular biology been introduced in the field for isolating 
and characterizing some of the genes involved in this pathway. The 
situation is different with respect to bacteria, where our knowledge is 
very much advanced, including the characterization of all genes involved 
and the regulation of their expression. Therefore, it seems appropriate to 
begin this chapter by presenting recent advances in our knowledge 
about assimilatory sulfate reduction in bacteria and to discuss the prog- 
ress in the plant field in a second step. Here we will not only try to relate 
new findings based on molecular methods with well-established knowl- 
edge from bacteria, but also with results obtained in physiological and 
biochemical experiments with plants. The molecular genetics of sulfate 
assimilation in plants has been elegantly reviewed very recently (Leustek 
1996). 



2. Assimilatory Sulfate Reduction 
in Escherichia coli and Salmonella typhimurium 

The study of sulfate assimilation in S. typhimurium and E. coli has well- 
recognized advantages because of the relatively simple genome of these 
organisms, and because of the ease with which genetic manipulations 
can be accomplished (Kredich 1993). Cysteine auxotrophs were among 
the first isolated and characterized in S. typhimurium, and made it pos- 
sible to establish most of the enzymatic steps of sulfur assimilation, 
which were subsequently confirmed in E. coli. More recently, the genes 
for the enzymes involved and factors regulating their expression have 
been studied in vitro (for a detailed review see Kredich 1993, 1996; Fig. 
2 ). 

Since sulfate is relatively inert, it must be activated before assimila- 
tion. This activation proceeds in two enzymatic steps involving adenyla- 
tion and phosphorylation. Adenylation is catalyzed by ATP sulfurylase 
forming adenosine 5'-phosphosulfate (APS) and pyrophosphate (PPj) 
from sulfate and ATP: 
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Fig. 2. Enzymes, genes, intermediates, and cofactors of assimilatory sulfate reduction and 
cysteine formation in S. typhimurium and E, coli. 0-acetyl-L-serine is formed from ace- 
tyl-CoA and serine via serine acetyltransferase. APS, adenosine 5'-phosphosulfate; PAPS, 
adenosine 3'-phosphate 5'-phosphosulfate 
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The reaction catalyzed by ATP sulfurylase favors ATP and sulfate for- 
mation because the free energy of hydrolysis of the phosphate- 
phosphate anhydride bond is less than the free energy of hydrolysis of 
the phosphate-sulfate anhydride bond. However, this free energy deficit 
is offset by PAPS formation and by hydrolysis of PP., catalyzed by inor- 
ganic pyrophosphatase: 

inorganic pyrophosphatase 

MgPP. + up ► 2 HPO/' + Mg^". 

Thus, removal of PP, and APS by enzymatic reactions having a low 
for these compounds enables the ATP sulfurylase reaction to proceed in 
the direction of formation of APS, Recently, it was discovered that E. coli 
ATP sulfurylase contains two nonidentical subunits, a 35-kDa catalytic 
subunit encoded by cysD and a 53-kDa peptide encoded by cysN that 
has a deduced sequence homologous to those of GTP-binding proteins 
(Leyh and Suo 1992; Liu et al. 1994). GTP stimulates the rate of APS 
synthesis as much as 116-fold with an apparent of 19 pM and is hy- 
drolyzed in the process. 

The sulfonyl donor of assimilatory sulfate reduction in S. typhimu- 
rium and E. coli is PAPS, which is reduced to sulfite via a PAPS sulfo- 
transferase using thioredoxin as reductant. Sulfite is then reduced to 
sulfide by NADPH-sulfite reductase. The E. co/i-assimilatory sulfite re- 
ductase is an oligomer of eight 66-kDa flavoprotein and four 64-kDa 
hemoprotein subunits. Isolated sulfite reductase can reduce SOj^' to HS‘ 
and NOj' to without releasing intermediates. The crystallographic 
strucuture of E. coli sulfite reductase hemoprotein was recently solved 
(Crane et al, 1995). In the substrate complex, SOj^‘ binds to the iron of 
the heme through sulfur. Serine acetyltransferase catalyzes the synthesis 
of O-acetylserine, which reacts with sulfide to give cysteine. This reac- 
tion can be catalyzed by either of two isozymes, 0-actylserine (thiol) 
lyase-A and -B (Kredich 1993). Animals which contain the activation 
steps, but can reduce neither APS nor PAPS, seem to have escaped from 
the considerable energy barrier to APS formation by intermediate chan- 
neling (Lyle et al. 1994; Rosenthal and Leustek 1995). Both ATP sulfury- 
lase and APS kinase activity were purified on a single peptide chain from 
rat chondrosarcoma (Lyle et al. 1994). Very recently, a cDNA clone was 
isolated from the euchuroid worm Urechis caupo which encodes a multi- 
functional protein with both ATP sulfurylase and APS kinase activity. 
Based on sequence similarities, it appears that this so-called PAPS syn- 
thetase resulted from the fusion of the ATP sulfurylase and APS kinase 
genes from other organisms (Rosenthal and Leustek 1995). 

The mechanism of PAPS reduction is not clear. Since a single cysteine 
is present in the molecule, formation of a disulfide-dithiol redox pair 
with thioredoxin does not seem feasible, unless it is assumed that an 
enzyme dimer may be involved. PAPS reductase activity is not elimi- 
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nated, however, when cysteine is replaced by serine, thus excluding a 
disulfide-dithiol redox mechanism. Prompted by these findings, PAPS 
reductase has been renamed PAPS sulfotransferase (Schmidt and Jager 
1992; Kredich 1993, 1996). We adopt the last name, assuming that the 
activated sulfate is transferred to one of the thiol groups of reduced 
thiodoxin from where sulfite is liberated concomitant with the oxidation 
of thioredoxin. 

Considerable information has accumulated regarding the molecular 
mechanism of gene regulation of cysteine synthesis (Kredich 1992, 1993, 
1996; Colyer and Kredich 1994; Hryniewicz and Kredich 1994, 1995). The 
genes involved in cysteine formation are arranged on the chromosome 
in at least nine different groups consisting of six or more positively 
regulated operons, cys E, cys G, and the negatively autoregulated cys B 
gene. All but cys B are considered part of the cysteine regulon, since they 
are regulated by cys B protein or, in the case of cys E, provide inducer 
(Kredich 1992, 1996). Cysteine plays a major role by feedback inhibiting 
serine acetyltransferase. The genes of the cysteine regulon of S. typhimu- 
rium and E. coli require a transcription activator protein, the product of 
cys B, for high level expression, and an inducer. 0-actetylserine was con- 
sidered to be the inducer but recent findings have attributed this func- 
tion to N-acetylserine. Derepression of the cysteine regxilon also requires 
sulfur limitation which is due to both inhibition of 0-acetylserine syn- 
thesis by cysteine and the anti-inducer activity of sulfide. Cys B binds to 
the specific sites just upstream of the -35 regions of cys JIK, cys K, and 
cys P promoters, where, after binding of N-acetylserine, it stimulates 
transcription initiation (Kredich 1992; Colyer and Kredich 1994; 
Hryniewicz and Kredich 1994). Cys B protein also autoregulates its own 
synthesis by binding the cys B promoter as a repressor (Ostrowski and 
Kredich 1991). 

Taking all these findings together results in a model of positive and 
negative regulation of assimilatory sulfate reduction in S. typhimurium 
and E. coli: positive regulation occurs in situations of sulfur limitation 
via binding of Cys B protein combined with N-acetylserine to the posi- 
tively regulated promoters (Kredich 1992; Hryniewicz and Kredich 
1994). In negative regulation, cysteine functions as a feedback inhibitor 
of serine acetyltransferase, whereas sulfide downregulates its own syn- 
thesis at the level of gene expression. 



3. Assimilatory Sulfate Reduction in Plants 

a) Adenylation and Phosphorylation 

Adenylation of sulfate via ATP sulfurylase and subsequent phosphoryla- 
tion by APS kinase, thus forming PAPS, are well established in higher 
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plants (Anderson 1990, Schmidt and Jager 1992; Schwenn 1994). Earlier 
work indicated that ATP sulfurylase was localized primarily in the chlo- 
roplasts (Gerwick et al. 1980; Lunn et al. 1990) or the proplastids (Bru- 
nold and Suter 1989; RoUand et al. 1992; Riiegsegger and Brunold 1993), 
but nonchloroplastic forms, most probably located in the cytosol, were 
also reported (Gerwick et al. 1980; Lunn et al. 1990; Riiegsegger and 
Brunold 1993). No ATP sulfurylase activity has been detected in mito- 
chondria of higher plants, but a mutant of Euglena gracilis lacking plas- 
tids yields two forms of ATP sulfurylase which have been purified to 
homogenity (Li et al. 1991): one form is mainly located in the mitochon- 
dria as part of the sulfate-metabolizing center on the outside of the inner 
membrane, while the other one is mainly in the soluble fraction of the 
cells. GTPase activation of ATP sulfurylase as described for E. coli (Liu et 
al. 1994; Wang et al. 1995) was not detected in plants. 

The results obtained with tissue from higher plants were corroborated 
recently in two respects: a chloroplast and a cytosol form of ATP sulfury- 
lase from spinach leaf were purified to homogeneity and characterized 
in detail with respect to their kinetic properties (Renosto et al. 1993). 
The physiological relevant kinetic constants of both forms were similar 
with the exception of which was 0.24 mM for the minor form 
(cytosol) and 0.046 mM for the major form (chloroplast). The native 
MW determined by gel filtration was 170 kDa for both forms, the 
subunit MW determined by SDS gel electrophoresis was 50 and 49 kDa 
for the cytosol and the chloroplast form, respectively. 

Consistent with the biochemical results, cDNA clones encoding two 
forms of ATP sulfurylase were isolated and characterized (Klonus et al. 
1994) following transformation of a Saccharomyces cerevisiae mutant 
deficient in the enzyme with a cDNA library from potato leaf. The ability 
of the yeast mutant to grow on a medium with sulfate as sole sulfur 
source was strictly linked to the presence of one of the two classes of 
cDNAs. Extracts from the transformed yeast mutant contained ATP 
sulfurylase activity. DNA analysis revealed an open reading frame en- 
coding proteins with a MW of 48 and 52 kDa. The deduced polypeptides 
are 88% identical at the amino acid level. One clone has a 48 amino acid 
N-terminal extension which shows common features of a chloroplast 
transit peptide. RNA blot analysis demonstrated the expression of both 
genes in potato leaf, root, and stem, but not in tubers. 

Using the same procedure, a cDNA encoding ATP sulfurylase was 
isolated from Arabidopsis thaliana (Leustek et al. 1994), containing an 
N-terminal sequence which resembles a chloroplast transit peptide. The 
polypeptide synthesized in vitro from the cDNA was imported into pea 
chloroplast in an ATP dependent manner. RNA blot analysis showed 
that Arabidopsis thaliana contains three genes for ATP sulfurylase 
(Leustek et al. 1994; Murillo and Leustek 1995), all of which appear to 
encode plastid localized enzymes. 
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The role of ATP sulfurylase in higher plant plastids and in Euglena 
mitochondria seems clear. The enzyme provides APS for sulfate reduc- 
tion (Schmidt and Jager 1992; Schiff et al. 1993; Schwenn 1994). The 
chloroplasts contain pyrophosphatase and correspondingly low levels of 
pyrophosphate (Weiner et al. 1987). In the cytosol, however, consider- 
able concentrations of pyrophosphate were detected, so that only very 
low levels of APS can be expected in this cellular compartment. The 
function of the cytosolic form of ATP sulfurylase is far from clear and, 
therefore, requires further studies. 

APS kinase has been demonstrated in higher plants (Burnell and An- 
derson 1973), but Chlamydomonas reinhardtii is the only phototrophic 
organism from which the enzyme has been characterized in detail 
(lender and Schwenn 1984). APS kinases are small proteins with a MW 
of 21 to 30 kDa per subunit of the homodimer. Very recently, a cDNA for 
the enzyme was isolated and characterized from a cDNA library of 
Arabidopsis thaliana (Arz et al 1994). The nucleotide sequence of this 
cDNA is homologous to the APS kinases from E. coli (53,2%), R. meliloti 
(52.6%), and Saccharomyces cerevisiae (57.1%). The polypeptide de- 
duced from the cDNA is composed of 276 amino acid residues with a 
MW of 29 790 Da, It contains an N-terminal extension of 77 amino acids 
which includes a putative transit peptide of 37 amino acids separated 
from the core protein by a processing site for stromal peptidase. A MW 
of 26 kDa was predicted for the processes protein. The function of this 
cDNA was analyzed by complementation of an E. coli mutant and by in 
vitro assay of the enzyme from cell homogenates of the complemented 
mutant. A corresponding cDNA isolated from Arabidopsis thaliana was 
used for complementation of an APS kinase mutant strain of Saccharo- 
myces cerevisiae (Jain and Leustek 1994). In the absence of ATP, ho- 
mogenates from complemented E. coli mutants also exhibited sulfite 
formation at very low rates (Arz et al. 1994; Schiffmann and Schwenn 
1994), when supplemented with dithiothreitol, APS, MgCl^, Na^SO^ at 
0.33 M and an alkaline buffer system. A corresponding enzyme activity 
has been previously ascribed to APS sulfo transferase (Schmidt 1972; Li 
and Schiff 1992). APS sulfotransferase was proposed to be the first step 
in assimilatory sulfate reduction in all photosynthetic eukaryotes and in 
some photosynthetic prokaryotes (Schmidt and Jager 1992; Schiff et al. 
1993). Therefore the detection of a corresponding enzyme activity asso- 
ciated with APS kinase leads to the interesting question if APS sulfo- 
transferase activity is due to a separate enzyme or just represents a non- 
physiological side reaction of APS kinase, as proposed by Schiffmann 
and Schwenn (1994). As outlined below, this proposition does not seem 
to be in agreement with all previous biochemical and physiological 
findings. At present, it seems appropriate, therefore, to discuss two al- 
ternatives for sulfate reduction, one starting from PAPS, the other from 
APS. 
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b) Reduction 

Figure 3 summarizes reactions which can be proposed to be involved in 
the reduction of the sulfate activated in APS or PAPS to the thiol level by 
higher plants (Anderson 1990; Brunold 1990; Schmidt and Jager 1992; 
Schiff et al. 1993; Schwenn 1994). 

The reaction sequence starting with PAPS corresponds to the well- 
established sequence of S. typhimurium and E. coli (Fig. 2). The enzymes 
involved have been demonstrated (Aketagava and Tamura 1980; 
Schwenn 1989) using spinach leaves. PAPS sulfotransferase is dependent 
on thioredoxin as reductant (Schwenn 1989, 1994) like the bacterial en- 
zyme, whereas sulfite reductase of higher plants uses electrons from 
ferredoxin instead of NADPH (Aketagawa and Tamura 1980). The corre- 
sponding genes from higher plants have not yet been described, but 
work on both genes is currently being performed (Schwenn 1994). 




Fig. 3. Possible reactions of assimilatory sulfate reduction in plants starting from APS or 
PAPS 
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On the basis of published data, three reaction sequences of sulfate re- 
duction starting with APS can be proposed (Fig. 3). The first one begins 
via the APS sulfotransferase activity of APS kinase forming sulfite from 
APS; the second and third both include formation of sulfide bound to a 
thiol compound (CarS-SO/). In the second sequence, bound sulfite is 
liberated by a thiol group (RSH) and free sulfite is formed, which is sub- 
sequently reduced to sulfide by sulfite reductase. The third sequence 
includes reduction of CarS-SO,' to CarS-S‘ by organic thiosulfate reduc- 
tase. 

As already outlined, the formation of sulfite from APS via APS kinase 
proceeds only at very low rates and in the absence of ATP (Schiffmann 
and Schwenn 1994). As proposed (Schiffmann and Schwenn 1994), it 
seems very unlikely that the APS sulfotransferase activity of APS kinase 
is of physiological significance. Nevertheless, APS kinase with its sulfite- 
forming activity is included in Fig. 3, because we aim at presenting all 
possible reactions. 

APS sulfotransferase has been described as an enzyme which transfers 
the sulfur activated in APS to thiol acceptors (Schmidt 1972; Schmidt 
and Jager 1992). Although glutathione acts as an acceptor (CarS' in Fig. 
3) in vitro, it may not function as the normal acceptor in vivo (Schmidt 
and Jager 1992). In vitro, sulfite is produced by APS sulfotransferase 
from APS in the presence of mono- and dithiols. By comparing the cal- 
culated sulfur fluxes in intact plants with in vitro measurements of APS 
sulfotransferase activities from various plants, Stulen and De Kok (1993) 
came to the conclusion that the enzyme activities were much higher than 
the calculated fluxes, indicating that the potential of APS sulfotrans- 
ferase is sufficient for covering the need of the plants examined for re- 
duced sulfur. It is noteworthy, however, that there are huge differences 
in published APS sulfotransferase activities, ranging from 13pmol 
min'‘mg protein'* in Euglena (Li and Schiff 1991) to 25 nmol min'* mg 
protein'* in Lemna (Neuenschwander et al. 1991). 

An APS sulfotransferase with very low activity in the crude extract has 
been purified from Euglena as a tetramer of 102 kDa held together by 
disulfide bounds; treatment with thiols yielded inactive monomers of 
24 kDa (Li and Schiff 1991). Labeling of APS sulfotransferase with ”S- 
APS and subsequent gel electrophoresis resulted in two radioactive 
bands, but radioactivity could only be liberated from the band corre- 
sponding to 102 kDa (Li and Schiff 1992). AMP was a competitive inhibi- 
tor of APS sulfotransferase (Li and Schiff 1992) whereas ATP up to 2 mM 
had no appreciable effect on the enzyme activity. These results corre- 
spond to findings with crude extracts from spruce needles, where APS 
sulfotransferase was inhibited by 80% when 5 mM AMP was added to 
the assay system, whereas ATP up to 5 mM had a negligible inhibitory 
effect (Suter et al. 1992). These findings are in contrast to the APS sulfo- 
transferase activity of APS kinase, which was only detected in the ab- 
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sence of ATP (Schiffmann and Schwenn 1994) and presents evidence for 
an APS sulfotransferase separate from APS kinase. Additional evidence 
results from isotope dilution experiments (Galli et al. 1993). In these 
experiments using extracts from spruce needles, nonradioactive PAPS 
added to the assay system did not dilute the label of “S-APS in the “SO,^' 
formed, indicating that the formation of “SO,^' from “S-APS did not 
proceed via PAPS. 

The physiological significance of the reduction of carrier-bound sul- 
fite (Fig. 3) is not clear, because the cell-free systems used for establish- 
ing these reactions are susceptible to reactions of free sulfite and sulfide 
with oxidized thiol groups, thus forming bound intermediates (Schmidt 
and Jager 1992). Corresponding reactions of free sulfite and sulfide 
could also take place in vivo, however, and plants would need an inor- 
ganic thiosulfate reductase as detected in Chlorella extracts (Schmidt 
1973) or corresponding enzymes for acting on bound intermediates. 



c) Cysteine Formation 

Formation of cysteine from sulfide and 0-acetyl-L-serine is catalyzed by 
0-acetlyserine (thiol) lyase. 0-acetyl-L-serine is synthesized by serine 
acetyltransferase from acetyl-coenzyme A and serine. The mechanism 
for formation of cysteine from carrier-bound sulfide is not clear; it is 
obvious, however, that a two-electron step would be involved (Schiff et 
al. 1993). 0-acetylserine (thiol) lyase was recently purified and charac- 
terized from spinach and Datura innoxia (Droux et al. 1992; Kuske et al. 

1994) . 

In pea leaves, 76% of total cellular serine acetyl transferase activity is 
present in the mitochondria, whereas chloroplasts and cytosol only 
contain 10 and 14%, respectively (Ruffer et al. 1995). The cDNAs for 
serine acetyltransferase isoenzymes have been cloned (Bogdanova et al. 
1995; Murillo et al. 1995; Ruffet et al. 1995; Saito et al. 1995). A multien- 
zyme complex was formed from recombinant proteins of serine acetyl- 
transferase and 0-acetylserine (thiol) lyase from watermelon (Saito et al. 

1995) , suggesting efficient metabolic channeling from serine to cysteine 
by preventing the diffusion of intermediary 0-acetyl-L-serine. 

Multiple forms of 0-acetylserine (thiol) lyase have been demonstrated 
(Fankhauser and Brunold 1978; Nakamura and Tamura 1989; Lunn et al. 
1990; Rolland et al. 1992). Consistent with these findings, biochemical 
analysis of isolated organelle fractions from spinach leaves resulted in 
three forms of 0-acetyl-serine (thiol) lyase originated from chloroplasts, 
mitochondria, and cytosol (Lunn et al. 1990). Corresponding results 
were obtained using cauliflower {Brassica oleracea L.) inflorescence 
(Rolland et al. 1992), with two forms assigned to the proplastids and one 
each to mitochondria and cytoplasm. The role of 0-acetylserine (thiol) 
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lyase in plant plastids seems clear; it incorporates the sulfide produced 
by sulfite reductase, which is localized exclusively in this subcellular 
compartment. The function of 0-acetylserine (thiol) lyase in the cyto- 
plasm and the mitochondria of higher plants may be the formation of 
secondary plant products from 0-acetylserine and heterocylic com- 
pounds instead of sulfide (Saito et al. 1992; Noji et al. 1993, 1994). 

Consistent with results from biochemical analyses, three different 
cDNAs encoding 0-acetylserine (thil) lyase were isolated and assigned to 
chloroplasts, mitochondria, and cytoplasm (Romer et al. 1992; Saito et 
al. 1992, 1993, 1994; Rolland et al. 1993a, b; Youssefian et al. 1993; Hell et 
al. 1994; Barroso et al. 1995). The peptide sequence deduced from the 
cDNAs of 0-acetylserine (thiol) lyases reveals a high similarity with their 
bacterial counterparts (Romer et al. 1992; Rolland et al. 1993b). This 
finding suggests that the three plant genes encoding 0-acetylserine 
(thiol) lyase of different subcellular location originated from a common 
ancestor gene (Saito et al. 1994a). 

The 0-acetylserine (thiol) lyase from Capsicum annuum was upregu- 
lated during chromoplast development as part of a program of antioxi- 
dant synthesis including glutathione (Romer et al. 1992). Compared to 
the activity of 0-acetylserine (thiol) lyase from other sources (Stulen and 
De Kok 1993), that of Capsicum annuum is relatively low, so that an in- 
crease seems necessary for producing the amounts of cysteine needed 
for enhanced glutathione synthesis during fruit ripening. 

Tobacco plants transformed with the 0-acetylserine (thiol) lyase gene 
of wheat are resistant to toxic levels of hydrogen sulfide gas (Youssefian 
et al. 1993). Based on earlier findings (Buwalda et al. 1988), it is pro- 
posed (Youssefian et al. 1993) that H^S is incorporated into cysteine in 
the young leaves of the transformed tobacco plants via 0-acetylserine 
(thiol) lyase , which is present at increased levels. H^S thus covered the 
demand of the developing leaves for reduced sulfur. The older leaves 
showed severe necrosis and finally died, as did all leaves of untrans- 
formed tobacco plants. These experiments demonstrate that manipula- 
tion of the pathway of assimilatory sulfate reduction is feasible by 
transforming plants with appropriate genes (Saito et al. 1994a). Together 
with the findings with Capsicum annuum (Romer et al. 1992), these re- 
sults also make clear that under certain conditions 0-acetylserine (thiol) 
lyase may be limiting even though its in vitro activity exceeds sulfur 
assimilation needs by a factor of several hundred (Schmidt and Jager 
1992). 



4. Glutathione Synthesis 

One of the major sinks of cysteine produced by assimilation sulfate re- 
duction is the formation of the thiol tripeptide glutathione (y-glutamyl- 
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cysteinylglycine) or/and its analogues homoglutathione (y-glutamyl- 
cysteinyl-b-alanine) and hydroxymethyl-glutathione (y-glutamyl- 
cysteinylserine; Bergmann and Rennenberg 1993). Glutathione plays an 
essential role in the regulation of sulfur nutrition in plants. Its long- 
distance transport mediates distribution of reduced sulfur according to 
the requirements of individual plant organs and, at the same time, con- 
trols sulfate influx into the plant at the level of sulfate uptake and xylem 
loading in the roots (Herschbach and Rennenberg 1994; Rennenberg 
1995; Rennenberg and Herschbach 1995; Rennenberg et al. 1996; Seeg- 
miiller et al. 1996). Glutathione is also an important factor in the defense 
of plants against various forms of stress, including heat, cold, drought, 
high light intensities, mineral deficiency, heavy metals, and xenobiotics 
(Alscher 1989; Smith et al. 1990; Rennenberg and Brunold 1994). Despite 
these important functions of glutathione in sulfur nutrition and stress 
tolerance, synthesis of glutathione has only recently been studied in 
plants in any detail (Bergmann and Rennenberg 1993). 



a) The Pathway of Glutathione Synthesis 

Glutathione is synthesized in plants in two enzyme-catalyzed reaction 
steps from the constituent amino acids (Fig. 1), as also found in animal 
and bacterial cells (Meister and Anderson 1983). In the first reaction, the 
y-carboxy-group of glutamate is used for the generation of a peptide 
bond with the amino group of cysteine at the expense of ATP hydrolysis. 
This reaction is catalyzed by y-glutamylcysteine synthetase. The mecha- 
nisms of this reaction involves the formation of an enzyme-bound y- 
glutamyl-phosphate that reacts with the amino group of cysteine. 
Therefore, sulfoximine analogs of y-glutamyl-phosphate are irreversible 
inhibitors of the enzyme (Meister and Anderson 1983). In the presence 
of MgATP, methionine sulfoximine, that also irreversibly inhibits glu- 
tamine synthetase, is converted by y-glutamylcysteine synthetase to 
methionine sulfoximine phosphate, which binds tightly to the enzyme 
(Richman et al. 1973). Buthionine sulfoximine undergoes the same 
phosphorylation reaction, but apparently this reaction is much more 
specific for y-glutamylcysteine synthetase than that of methionine sul- 
foximine (Griffith 1982). 

y-glutamylcysteine synthetase 

glu + cys -I- ATP ► y-glu-cys + ADP -I- P^. 

Plant y-glutamylcysteine synthetase has a molecular mass of 60 kDa and 
dissociates into inactive subunits of ca. 34 kDa upon treatment with 
5 mM mercaptoethanol. Apparently, the plant enzyme is a homodimer 
with the subunits being connected via disulfide bonds (Bergmann and 
Rennenberg 1993). The enzyme seems to be localized not only in chlo- 
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roplasts or proplastids but also in the cytosol (Bergmann and Rennen- 
berg 1993; Riiegsegger and Brunold 1993). y-glutamylcysteine synthetase 
from plant sources shows distinct differences as compared to the rat 
(Yan and Meister 1990) and the human (Gipp et al. 1992) enzymes, as 
well as to the enzyme of Escherichia coli (Watanabe et al. 1986). The rat 
and the human y-glutamylcysteine synthetase are heterodimers of ca. 
100 kDa molecular mass composed of a large (73kDa) and a small 
(28 kDa) subunit (Meister and Anderson 1983; Fourre-Seelig et al. 1984). 
In contrast to the plant enzyme, dissociation of native rat y-glutamyl- 
cysteine synthetase by treatment with sulfhydryl compounds yields a 
large subunit with full enzymatic activity and inhibition by glutathione 
(see below). The function of the small subunit of the rat enzyme remains 
to be elucidates. Different from eukaryotic y-glutamylcysteine synthetase 
the E. coli enzyme is a single 60-kDa polypeptide; it shows only 8% 
amino acid sequence identity to the rat and human enzyme. These 
structural differences have led to the proposal that y-glutamylcysteine 
synthetase has evolved independently in different organisms, but func- 
tionally similar active sites were achieved. 

Recently, a mutant of E. coli deficient in y-glutamylcysteine syn- 
thetase and unable to synthesize glutathione was used for the isolation of 
Arabidopsis thaliana y-glutamylcysteine synthetase cDNA (May and 
Leaver 1994). The cDNA isolated encoded a single polypeptide of 
60 kDa, similar to the E. coli, but different from the tobacco enzyme. 
Comparison of the amino acid sequence of Arabidopsis y-glutamyl- 
cysteine synthetase with published sequences of the genes of the rat, 
human and E. coli enzyme revealed only 15-18% identity. The cDNA 
isolated from Arabidopsis was used for functional complementation of 
the E. coli mutant deficient in y-glutamylcysteine synthetase. The re- 
combinant E. coli clone showed high levels of extractable y-glutamyl- 
cysteine synthetase activity, but only 10% of the thiol level of the wild 
type. Unfortunately, y-glutamylcysteine synthetase activity was deter- 
mined from the generation of Pj by ATP hydrolysis in the assay mixture. 
Since this assay of y-glutamylcysteine synthetase activity is highly sus- 
ceptible to interactions with numerous other reactions, and the actual 
production of y-glutamylcysteine in the extracts was not proven, further 
studies are necessary to establish the differences between Arabidopsis y- 
glutamylcysteine synthetase and the enzyme from other plant sources or 
E. coli. 

In the second reaction of glutathione synthesis the carboxy group of 
cysteine in y-glutamylcysteine acts as an acceptor of the amino group of 
glycine. The generation of the peptide bond is catalyzed by glutathione 
synthetase at the expense of ATP hydrolysis. As also observed for y- 
glutamylcysteine synthetase, the enzyme is present not only in chloro- 
plasts and proplastids, but also in the cytosol. There is evidence that 
enzyme-bound y-glutamylcysteinyl-phosphate is formed in the reaction. 
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Thus, the reaction catalyzed by glutathione synthetase is similar to those 
catalyzed by glutamine synthetase or yglutamylcysteine synthetase. 
However, in contrast to these reactions, the reaction catalyzed by glu- 
tathione synthetase is not inhibited by sulfoximine analogs of y-glut- 
amyl-phosphate. Since glutathione synthetase is specific for glycine and 
does not use p -alanine as a substrate, homoglutathione seems to be 
synthetized by a p-alanine specific homoglutathione synthetase (Berg- 
mann and Rennenberg 1993), Evidence for a serine-specific "glutathione 
synthetase" that may catalyze the synthesis of hydroxymethyl-gluta- 
thione has so far not been reported. 

glutathione 

synthetase 

y-glu-cys + gly + ATP ^ y-glu-cys-gly + ADP -I- P^. 

Glutathione synthetase from plant tissues is a homodimer of 113 to 
117 kDa molecular mass (Bergmann and Rennenberg 1993) and, thus, is 
similar to the enzyme from other eukaryotic sources (Meister 1985; 
Huang et al. 1995; Ullmann et al. 1996). Recently, E. coli and yeast mu- 
tants deficient in glutathione synthetase were used to isolate glutathione 
synthetase cDNA of Arabidopsis (Rawlins et al. 1995; Ullmann et al. 
1996). Sequence analysis of the Arabidopsis cDNA revealed a high degree 
of identity (37-42%) to published sequences of eukaryotic glututhione 
synthetase genes. The molecular mass of the polypeptide of 54-58 kDa 
predicted from nucleotide and amino acid sequence analysis was similar 
to the molecular mass of glutathione synthetase subunits derived from 
gel filtration of isolated plant enzyme (Bergmann and Rennenberg 1993). 
These findings clearly indicate that glutathione synthetase is an enzyme 
highly conserved in evolution. The Arabidopsis cDNA isolated func- 
tionally complemented methylglyoxal or 8-hydroxyquinoline sensitivity 
of the glutathione synthetase deficient mutants of yeast and E. coli, re- 
spectively. Complementation restored the growth rate and significantly 
enhanced the levels of glutathione and glutathione synthetase activity 
(Rawlings et al. 1995; Ullmann et al. 1996). As a consequence of en- 
hanced GSH levels, also cadmium tolerance was restored in the yeast 
mutant complemented with Arabidopsis cDNA for glutathione syn- 
thetase (Ullmann et al. 1996). 

The result outlined above indicate little structural similarity between 
eukaryotic genes for y-glutamylcysteine synthetase, but a high degree of 
similarity between eukaryotic genes for glutathione synthetase, includ- 
ing those from plants. It is hard to imagine that within a two-step bio- 
synthetic pathway, the gene of one enzyme has been conserved among 
eukaryotes in evolution, whereas the other has not. Further studies are 
required to address this question. 
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b) Regulation of Glutathione Synthesis 

Synthesis of gluthatione can be controlled at the cellular level either by 
the availability of one of the constituent amino acids or by regulatory 
properties of the pathway of glutathione synthesis. Cellular cysteine 
concentrations are usually low and values of y-glutamylcysteine 
synthetase are close to cellular cysteine concentrations in different spe- 
cies (Bergmann and Rennenberg 1993). Therefore, glutathione synthesis 
can be determined in vivo by the availability of cysteine for y-glutamyl- 
cysteine synthesis. This has been observed in yeast, parsley, and poplar; 
in these species exogenous supply of cysteine enhanced glutathione 
synthesis (Alfafara et al. 1993; Schneider and Bergmann 1995; Strohm et 
d. 1995). Investigations with spinach leaves showed that also glycine 
may become rate-limiting for glutathione synthesis, provided fumiga- 
tion with HjS had enhanced cysteine availability and, simultaneously, 
exposure to darkness had prevented photorespiratory glycine produc- 
tion (Buwalda et al. 1988, 1990). In leaves of poplar plants overexpress- 
ing bacterial y-glutamylcysteine synthetase, limitation of y-glut- 
amylcysteine synthesis by cysteine availability observed in the wild type 
was overcome, but limitation by the availability of glutamate was ob- 
served instead (Noctor et al. 1996). This finding suggests an interpath- 
way control between glutathione synthesis and assimilatory sulfate re- 
duction. The biochemical and molecular basis of this control remains to 
be elucidated. 

Similar to mammalian y-glutamylcysteine synthetase (Richman and 
Meister 1975) the plant enzyme is inhibited in vitro nonallosterically be 
reduced glutathione (GSH) in concentrations which prevail in vivo (Hell 
and Bergmann 1990; Bergmann and Rennenberg 1993; May and Leaver 
1994; Schneider and Bergmann 1995). In tobacco and parsley, feedback 
inhibition of y-glutamylcysteine synthetase by GSH was found to be 
competitive with respect to glutamate at apparent Kj values of 0.27 mM 
and 0.42 mM, respectively (Hell and Bergmann 1990; Schneider and 
Bergmann 1995). This indicates a physiologically relevant feedback 
mechanism as means to control glutathione synthesis. Several pieces of 
evidence suggest that this mechanism may operate in vivo. The cellular 
level of y-glutamylcysteine in plants is usually low, indicating that the 
reaction catalyzed by y-glutamylcysteine synthetase limits glutathione 
synthesis (e.g., Klapheck 1988; Schupp and Rennenberg 1990, Rauser et 
al. 1991; Riiegsegger and Brunold 1992). When the demand for glu- 
tathione is increased by cadmium-mediated stimulation of phytochela- 
tin synthesis, cellular glutathione levels are reduced and, simultaneously, 
the rate of glutathione synthesis is enhanced (Bergmann and Rennen- 
berg 1993; Schneider and Bergmann 1995). From these findings it may 
be assumed that intensive phytochelatin synthesis releases feedback 
inhibition of y-glutamylcysteine synthetase by GSH by reducing the cel- 
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lular glutathione level, and thereby enhances the rate of glutathione 
synthesis. This regulatory mechanism would support the idea that cellu- 
lar glutathione levels are under control of GSH-mediated feedback in- 
hibition of y-glutamylcysteine synthetase. However, improved cysteine 
availability and/or elevated y-glutamylcysteine synthetase activity seem 
to contribute to the enhanced rate of glutathione synthesis in response 
to cadmium exposure (Riiegsegger and Brunold 1992; Schneider and 
Bergmann 1995). In addition, cellular glutathione levels are frequently 
found to be considerably higher than Ki values of GSH for y-glutamyl- 
cysteine synthetase and can be enhanced under stressful conditions 
(Smith et al. 1990; Polle and Rennenberg 1994; Rennenberg and Brunold 
1994). 

In order to obtain more clear-cut information about the regulation of 
the pathway of glutathione synthesis, poplar plants have recently been 
transformed with the bacterial genes for y-glutamylcysteine synthetase 
and glutathione synthetase, respectively (Strohm et al. 1995; Noctor et al. 
1996). Both genes were targeted to the cytosol. Poplar leaves of plants 
transformed with the bacterial gene for glutathione synthetase contained 
25- to 60-fold higher glutathione synthetase activity than leaves of wild- 
type plants, but glutathione levels were similar (Rennenberg and Polle 
1994; Strohm et al. 1995). Feeding experiments with glutathione precur- 
sors showed that glutathione synthesis in wild-type poplar leaves is lim- 
ited by the availability of cysteine, but not by the enzymatic capacity of 
the pathway of glutathione synthesis (Strohm et al. 1995). In leaves of 
both wild-type and transgenic plants, doubling of leaf glutathione con- 
tent was achieved within ca. 2 h by feeding cysteine; despite significant 
accumulation of cysteine inside the leaf tissue, prolonged exposure to 
this amino acid did not increase glutathione contents any further. Ap- 
parently, additional regulatory factors prevented glutathione accumula- 
tion above 1.2 mg ‘ fresh weight. This regulatory factor was not con- 
nected with glutathione synthetase, since differences between leaves of 
wild-type and transgenic plants wer not found. Feeding y-glutamyl- 
cysteine circumvented this regulatory factor. Under these conditions, 
leaf tissue of transgenic plants synthetized glutathione at a rate twofold 
higher than wild-type tissue. This result indicates that elevated gluta- 
thione synthetase activity present in transgenic leaf tissue is capable of 
enhanced glutathione synthesis in vivo, provided sufficient y-glutamyl- 
cysteine is available (Strohm et al. 1995). It is consistent wiA the as- 
sumption that in the presence of sufficient cysteine glutathione synthesis 
is regulated in vivo by GSH-mediated feedback inhibition of y-glutamyl- 
cysteine synthetase. Still it cannot be excluded that the amount of y- 
glutamylcysteine synthetase enzyme determines the synthesis of y-glut- 
amylcysteine and, hence, glutathione. 

Transformation of poplar with the bacterial gene for y-glutamyl- 
cysteine synthetase yielded enhanced y-glutamylcysteine synthetase 
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activity in the leaves. y-Glytamylcysteine and glutathione levels of the 
leaves were increased by tenfold and threefold, respectively (Noctor et al. 
1996). Apparently, limitation of glutathione synthesis by cysteine avail- 
ability is abolished in the presence of elevated y-glutamylcysteine syn- 
thetase activity. This finding suggests that cysteine synthesis can be 
stimulated as a consequence of an enhanced capacity of the pathway of 
glutathione synthesis. The observation of increased glutathione contents 
as a consequence of elevated y-glutamylcysteine synthetase activity con- 
firms that y-glutamylcysteine synthetase activity limits glutathione syn- 
thesis in leaves of wild-type plants. At the same time it shows that feed- 
back inhibition of the enzyme is unable to control glutathione levels in 
the transgenic plants in vivo. Taken together, the results obtained with 
transgenic poplar plants overexpressing the bacterial genes for glu- 
tathione synthetase or y-glutamylcysteine synthetase in the cytosol sug- 
gest that glutathione synthesis is controlled by a multistep procedure 
that includes the availability of cysteine, the availability of y-glutamyl- 
cysteine, and y-glutamylcysteine synthetase activity. Feedback inhibition 
of y-glutamylcysteine synthetase by GSH may control y-glutamylcysteine 
availability, but elevation of y-glutamylcysteine synthetase activity can 
overcome this control. Further studies are required to test whether 
similar regulatory mechanisms control glutathione synthesis in the chlo- 
roplast. 



5. Conclusions 

During the past 2 to 3 years, the field of assimilatory sulfate reduction 
and glutathione synthesis in plants has been characterized by an im- 
pressive progress which was mostly based on the introduction of the 
methods of molecular biology. The new results corroborate and extend 
previous findings from biochemical and physiological approaches. Sev- 
eral important questions remain to be answered, however: 

1. What is the physiological significance of PAPS and APS sulfotrans- 
ferase activity? 

2. What is the function of ATP sulfurylase and 0-acetylserine (thiol) 
lyase outside the plastids? 

3. What are the factors controlling glutathione synthesis in different 
plant organs and in different cellular compartments? 

4. What is the molecular basis of regulatory interactions between sulfate 
assimilation and glutathione synthesis? 

5. How are assimilatory sulfate and nitrate reduction coordinated at the 
molecular level? 



These and corresponding questions will be answered in the near future 
by extension of the molecular knowledge about the putative genes in- 
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volved, especially their expression under a variety of ecological situa- 
tions. Eventually, physiological, biochemical, and molecular findings 
will be integrated into a whole-plant model of sulfate uptake, sulfate 
reduction, sulfur distribution, and the regulation of these processes. 
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IV. Photosynthesis. Carbon Metabolism: 
The Carbon Metabolisms of Unstressed 
and Stressed Plants 

By G. J. Kelly and E. Latzko 



"My investigations lead me to show how water and air contribute more to 
the formation of the dry matter of plants growing in a fertile soil than 
does the humus matter that they absorb, in aqueous solution, through 
their roots ... " 

(Nicolas de Saussure ca. 1804) 



1. Introduction 

Following on from the pioneer experiments of investigators such as Jo- 
seph Priestly and Jan Ingenhousz, Nicolas de Saussure must have felt 
close to a full explanation of the growth of plants when he concluded 
that plant dry matter originated predominantly from water and air. In- 
deed, if we ignore biochemical details, we must conclude that he was 
doing well for "plants growing in an [adequately watered and] fertile 
soil". Most subsequent studies have addressed the question of how an 
actively growing plant converts water and air (and sunshine) into its dry 
matter, i.e. how good plants perform photosynthesis. But what about 
poor plants? There is no doubt that other plant scientists have pondered 
upon, and studied, the responses of plants to adverse conditions, but it is 
doubtful whether the plant-growth scientists realised the extent to which 
adversity existed in even "normal" growing conditions, and the degree to 
which photosynthesis has had to adjust, de Saussure could not have 
imagined how insidiously stresses influence photosynthetic cells, al- 
though (ironically) he is credited with the discovery of crassulacean acid 
metabolism (see Walker 1992), probably the best-known plant adapta- 
tion to water deficit. 

By contrast, in recent years there has been an exponential increase in 
plant stress research, spurred on not only by the discovery of biochemi- 
cal mechanisms that presumably play protective roles, but also (we as- 
sume) by the global realisation that the biosphere as a whole is becoming 
increasingly stressed, and that understanding and solutions are needed. 
This review updates our conception of the details of photosynthetic car- 
bon metabolism (a recent informative review of regulatory aspects is 
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available, Stitt and Sonnewald 1995), and then examines plant stress in 
the limited context of how stress influences this photosynAetic metabo- 
lism. 



2. Production of Photosynthate, and Some Comments 
on its Movement and Deposition 

a) RuBP Carboxylase 

Ribulose-l,5-bisphosphate (RuBP) carboxylase, the Calidn cycle's COj- 
fixing enzyme, is at the centre of one facet of plant stress, viz. the low 
availability of CO^. Impressive as this enzyme's affinity for COj might be 
(in vivo Km in air is 18 |JM) this is still not sufficient to permit it to op- 
erate at capacity because the atmospheric CO^ concentration is only suf- 
ficient to generate unaided, 13 pM CO^ in solution. Moreover, even if 
atmospheric COj was to increase (as is indeed happening; see Sect. 3.d), 
the enzyme's low turnover number (3.5 s‘‘) when operating at capacity 
gives it the dubious distinction of being the predominant determinant of 
photosynthetic capacity in normally grown C, plants (Furbank and Tay- 
lor 1995). 

The above in vivo Km and turnover-number values were obtained by 
an ingenious application of antisense technology (von Caemmerer et al. 
1994). When the same technology was used to construct tobacco plants 
with a range of low RuBP carboxylase contents, and these tobacco plants 
were pushed to their growth limits in Portugal, the predominant influ- 
ence of the enzyme on photosynthetic capacity was clearly seen (Krapp 
et al. 1994). 

The attention given to the regulation of RuBP carboxylase activity has been more sub- 
dued during the past 2 years. An interesting parallel has been presented between the 
chemistry of the CO -plus-Mg^^ activation (the "primary" mechanism of activation), and a 
similar CO^-plus-Ni activation of urease (Lippard 1995). The carboxylase's activation is, 
in turn, influenced by "secondary" regulators (see Gutteridge and Gatenby 1995). One of 
these is inorganic phosphate (Pi), which promotes the binding of the activating CO^ 
(Anwaruzzaman et al. 1995). A second is the enigmatic (Foyer and Parry 1995) regulatory 
protein "rubisco activase" that prevents, in an ATP-dependent manner, the binding of 
RuBP to enzyme that has not undergone the CO^-plus-Mg^^ activation (Portis et al. 1995); 
such binding otherwise inhibits the enzyme's activity. Incidentally, Campbell and Ogren 
(1995) report that rubisco activase does not undergo light-mediated activation, as was 
reported earlier. A third regulator is the sugar-phosphate carboxyarabinitol-l-P (CAIP), 
whose main role seems to be to bind to the carboxylase and inhibit it at night (Moore and 
Seemann 1994). The extent to which CAIP does this varies remarkably between plant 
species, and even between the cultivars (Holbrook et al. 1994) and the stages of leaf de- 
velopment (Moore et al. 1995) within one species. The CAIP can represent more than 2% 
of the photosynthate in a darkened leaf (Andralojc et al. 1994), but it is degraded when 
the leaf is exposed to even relatively low light (ca. 30 lunol photons m’^s"‘; Moore and 
Seemann 1994). 
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Besides this short-term regulation, RuBP carboxylase activity adjusts in the long term 
to stimuli such as sink strength and COj concentration. Removal of sinks lowers activity, 
via a reduction in the activator Pi (Sawada et al. 1995) or some other mechanism: Crafts- 
Brandner and Salvucci (1994) are intrigued by a "rubisco complex protein" that accumu- 
lates in sink-deprived soybean plants and can form an insoluble complex with the car- 
boxylase, but any regulatory function is obscured by the fact that the protein is cytosolic, 
not chloroplastic. High external COj during plant growth sometimes results in a reduc- 
tion of the RuBP carboxylase activity, presmnably through a feedback down-regulation 
of the expression of the gene for the enzyme's small subunit, but this may not occur in all 
plant species (Van Oosten and Besford 1994; Xu et al. 1994; Habash et al. 1995; Jacob et 
al. 1995; see Sect. 3.d). Poor Pi availability for the growing plant also reduces the carboxy- 
lase activity indirectly by lowering the supply of sugar-Ps, one of which is the substrate 
RuBP (Rao and Terry 1995). 

The specificity factor of RuBP carboxylase, i.e. its propensity to use CO^ 
rather than [in the latter case photorespiration (Sect. 3.c.) is initi- 
ated], has still not been improved in experiments with Chlamydomonas 
reinhardtii mutants (Gotor et al. 1994; Spreitzer et al. 1995), although the 
possibility of locating carboxylases with better specificity factors by sur- 
veying a range of terrestrial plants has been raised (Kent and Tomany 
1995; Delgado et al. 1995), and the naturally superior factors for the en- 
zyme from non-green marine microalgae have been reemphasised (Read 
and Tabita 1994). Microalgae have provided what is probably the biggest 
surprise in recent RuBP carboxylase research: three marine dinoflagel- 
lates were found to contain RuBP carboxylase proteins that are quite 
distinct from other eukaryotic carboxylases, apparently lacking small 
subunits and resembling more closely the RuBP carboxylase from the 
prokaryote Rhodospirillutn rubrum (Morse et al. 1995; Whitney and 
Yellowlees 1995). 



b) Other Calvin Cycle Enzymes 

Of the remaining ten enzymes of the Calvin cycle, only five have received 
significant attention. Glycerate-3-P kinase was found to occur as one 
form in cyanobacteria, but as two forms (chloroplastic and cytosolic) in 
a broad range of vascular plants (Shah and Bradbeer 1994). Aldolase, 
which similarly occurs as two forms in higher plants (Boldt et al. 1994), 
presents a complex picture in protists: a chloroplast aldolase for the 
Calvin cycle was always found, but cytosolic aldolase was not detected 
(e.g., Chlamydomonas reinhardtii) or was found as the "class II", M^"^- 
dependent fungal-type aldolase (e.g., Euglena gracilis; Pelzer-Reith et al. 
1994; Schnarrenberger et al. 1994). Two further reports support the con- 
cept that these two enzymes, together with several others (including 
glyceraldehyde-3-P [GAP] dehydrogenase) may be associated into func- 
tional multienzyme complexes in vivo (Anderson et al. 1995; Siiss et al. 
1995). 
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Inverted cDNAs encoding GAP dehydrogenase, fructose- 1,6-bispho- 
sphatase (FBPase) and phosphoribulokinase (PRK) have been con- 
structed and used to transform potato and tobacco plants (Kofimann et 
al. 1994; Paul et al. 1995a; Price et al. 1995; see Furbank and Taylor 1995). 
This "antisense” technology creates plants with lowered contents of the 
respective enzyme; a range of reductions can be selected and tested. For 
the above three enzymes, lowered photosynthesis was not noticed until 
the enzyme level had been reduced by at least 60% (FBPase) or 80% 
(GAP dehydrogenase and PRK). This contrasts with the greater sensitiv- 
ity of photosynthesis to RuBP carboxylase reduction (Sect. 2.a). These 
results are not surprising, given that the in vivo activities of RuBP car- 
boxylase and FBPase are generally lower than those of GAP dehydroge- 
nase and PRK. 

The light-mediated regulation of chloroplast enzymes has been recently reviewed 
(Scheibe 1994) and interpreted to a greater level of sophistication (Geiger and Servaites 
1994; Ocheretina and Scheibe 1994; Faske et al. 1995). It may be a primary determinant of 
the rate of photosynthesis by the lower, partially shaded leaves in a crop canopy 
(Sassenrath-Cole and Pearcy 1994). Additional mechanistic details have been revealed for 
four enzymes that are reductively (disulfide 2 sulfhydryls) activated: 

1. for GAP dehydrogenase, a concomitant activation by glycerate-l,3-P2 i^ involved 
(Baalmann et al. 1994); 

2. for FBPase, reductive activation is easier after the enzyme's conformation has been 
altered by solvents other than water (Ballicora and Wolosiuk 1994); 

3. for sedoheptulose-l,7-bisphosphatase, the natural chloroplast-thylakoid/ferre- 
doxin/thioredoxin system is a more effective activator than the artificial reductant 
dithiothreitol (Queiroz-Claret and Meunier 1995), and 

4. for PRK, activation involves two pairs of cysteine residues, one pair on each of two 
enzyme subunits. 

Forms of PRK with none, one or both of the cysteine pairs oxidised (and thus connected 
by a disulfide bond) have been detected (Clasper et al. 1994). The distance between the 
two cysteines of a pair is 40 amino acid residues in algae and higher plants, but only 20 in 
cyanobacteria (Wadano et al. 1995). However, even between algae and higher plants the 
enzymes seem to differ: soybean PRK was fully light-activated by quite low levels of light 
(Sassenrath-Cole and Pearcy 1994), but Chlamydomonas reinhardtii PRK activation 
required light levels similar to those needed for photosynthesis (Farr et al. 1994). This 
difference is not an isolated one: certain marine red algae and cyanobacteria possess a 
chloroplast GAP dehydrogenase that lacks one of the cysteine residues that is central to 
the light-mediated activation process, and indeed in these cases the activation cannot be 
detected (Pacold et al. 1995a, b). Furthermore, photosynthesis by green algae and cyano- 
bacteria was found by Takeda et al. (1995) to be more resistant than spinach-chloroplast 
photosynthesis to inhibition by HPj* implying that sulfhydryl groups, and therefore 
light-mediated activation, are less important to the algal and cyanobacterial enzymes. 



c) Plastids and Their Envelope Transporters 

Most recent studies with plastids have dealt with their envelope- 
transporter proteins, with one fascinating exception: Schnarrenberger et 
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al, (1995) claim, from enzyme localisation studies, that the complete 
oxidative pentose-P pathway of spinach leaves is restricted to the chlo- 
roplast. This is contrary to most textbook presentations showing it to be 
in the cytosol, but (in retrospect) it is not surprising given 

1. past instances where suspected cytosolic activities were discovered to 
be instead plastidic, 

2. the calculations by Winter et al. (1994) showing that the volume of 
chloroplast stroma in spinach and barley leaf mesophyll cells is easily 
twice the volume of the cytosol, and 

3. evidence for a functional oxidative pentose-P pathway in green pep- 
per-fruit chloroplasts (Thom and Neuhaus 1995). 

Returning to transporters: it used to be that the majority of attention was 
devoted to the movement of 3-carbon sugar-Ps (triose-Ps such as GAP, 
and glycerate-3-P) and Pi in and out of chloroplasts and other plastids 
via the unidirectionally-oriented (Schwarz et al. 1994) phosphate tran- 
slocator; after all, the exit of GAP in counter-exchange with Pi is the 
chloroplast/cytosol link whereby photosynthate is directed toward su- 
crose biosynthesis in the cytosol (Fig. lA); but in recent years non- 
photosynthetic plastids such as amyloplasts have been obtained in good 
condition, and similar tests with these implied that glucose-Ps were ac- 
cepted by the translocator (see our last review). The most recent studies 
point to a "spectrum of plasticity" in the degree to which different sugar- 
Ps can be transported. However, now we are not sure whether or not a 
separate translocator moves these glucose-Ps. Results consistent with the 
"classical" phosphate translocator transporting glucose-6-P across the 
envelopes of pea-embryo plastids (Hill and Smith 1995), potato-tuber 
and cauliflower-bud amyloplasts (Mohlmann et al. 1995; Schott et al. 
1995), and tomato-fruit chromoplasts and chloroplasts (Schunemann 
and Borchert 1994) have appeared, but a novel translocator that ex- 
changes glucose-6-P and Pi (Thom and Neuhaus 1995) has been pro- 
posed to exist in the envelopes of green pepper {Capsicuum annum) 
fruit chloroplasts, and even chloroplasts from spinach leaves previously 
fed glucose for several days (Batz et al. 1995; Quick et al. 1995). More- 
over, the other glucose-P, i.e. glucose- 1-P, which is able to cross amy- 
loplast envelopes and become the substrate for starch synthesis, is 
clearly transported by a protein that is different from any protein that 
transports either glucose-6-P or triose-Ps (Kosegarten and Mengel 1994; 
Tetlow et al. 1994; Mohlmann et al. 1995; Schott et al. 1995; see Fig. IB). 
In wheat-seed amyloplasts, the starch synthesis from glucose- 1-P is de- 
pendent on the concomitant import of ATP by yet another protein, the 
adenylate translocator (Tetlow et al. 1994). This plastid translocator 
turns out to be somewhat exotic in that DNA sequence data point to its 
closest relative being a similar ATP translocator in the membrane of the 
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Fig. lA-D. A summary of the major roles of known plastid-envelope transporter proteins: 
A Photosynthesizing chloroplast. B Starch-synthesizing amyloplast; fruit chloroplasts, 
and the chloroplasts from sugar-fed leaves, behave similarly. C Chloroplast mobilising 
transitory starch. D Amyloplast mobilising storage starch. Based on references in Sect. 2.c 
Abbreviations: GIP, glucose- 1-P; G6P, glucose-6-P 



pathogenic bacterium that causes typhus in humans (Kampfenkel et al. 
1995). 

Starch deposited in plastids is ultimately destined to be mobilised by 
metabolism to sugars that are returned to the cytosol. In leaf chloro- 
plasts this occurs nocturnally. It used to be thought that starch was me- 
tabolised to triose-Ps that were exported via the phosphate translocator 
(i.e. a starch triose-P -> sucrose variation of Fig. lA), but now it 
seems that the long-forgotten hexose transporter plays the predominant 
role so that, quite simply, starch is hydrolysed (probably with the help of 
a-glucosidase; Sun et al. 1995) and the resultant glucose is exported 
(Trethewey and ap Rees 1994a, b; Fig. 1C). Support for this concept 
comes from experiments in which the amount of the classical phosphate 
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translocator in chloroplasts was reduced using antisense technology. 
The appearance and photosynthesis of these plants appeared normal, 
but by day the transport of photosynthate out of chloroplasts was (as 
expected) hindered, resulting in a substantial rise in the amount of 
starch stored temporarily inside the chloroplast (Barnes et al. 1994; Hei- 
neke et al. 1994a). This necessitated a greater-than-normal nocturnal 
flux of photosynthate out of the chloroplast and, despite the low phos- 
phate translocator activity, this was possible because that translocator 
was not totally involved; instead, the hexose transporter (Fig. 1C) as- 
sumed a part (or all?) of the role (Heineke et al. 1994a). Presumably, 
cytosolic hexokinase facilitated entry of hexose into the sucrose biosyn- 
thetic pathway. A remaining question is whether starch mobilisation in 
amyloplasts occurs similarly. These plastids do possess a hexose trans- 
porter (Mohlmann et al. 1995), but one study indicates that it is a sugar- 
P that is exported (Neuhaus et al. 1995; Fig. ID). 



d) Starch and Fructans 

The best-known form of stored photosynthate is starch: it is stored on a 
short-term basis (diurnal) in chloroplasts, and on a long-term basis 
(usually seasons) in amyloplasts. Short-term storage is greater in spin- 
ach than in barley leaves (Riens et al. 1994); the latter is a member of the 
temperate grasses which are noted for an alternative "intermediate- 
term" photosynthate storage as fructans (see below). Three reports sug- 
gest that starch synthesis is something of a luxury rather than a neces- 
sity, in that two tobacco mutants (Eichelmann and Laisk 1994; Geiger et 
al. 1995) and a transgenic potato plant with only ca. 20% of the usual 
level of ADP-glucose pyrophosphorylase (Leidreiter et al. 1995), all defi- 
cient in the ability to synthesise starch, could overcome this handicap by 
simply increasing the flux of carbon towards cytosolic sucrose. However, 
the capacity to do this was insufficient if the leafs photosynthetic capac- 
ity was engaged (i.e. under high light and saturating CO^, Eichelmann 
and Laisk 1994). 

ADP-glucose pyrophosphorylase still receives the most attention of 
the starch-biosynthesis enzymes. Typical properties include inhibition 
by Pi and activation by glycerate-3-P (as recently shown for the Chlamy- 
domonas reinhardtii enzyme; Iglesias et al. 1994). There is evidence that 
further unidentified regulatory mechanisms may exist (Jeannette and 
Prioul 1994). The higher-plant enzyme is a tetramer of two pairs of 
subunits of slightly different size, the larger having the regulatory role 
and the smaller the catalytic (Ball and Preiss 1994; Ballicora et al. 1995). 

An often neglected but still quantitatively important storage form of 
photosynthate is fructan. Fructans are common in the leaves and stems 
of temperate grasses (but not tropical C, grasses; Lunn and Hatch 1995), 
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and the bulbs and tubers of certain other plants such as onion. They are 
relatively short polymers of ca. 10 to 100 fructose units attached to a 
terminal glucose. Sucrose, transported from leaf photosynthetic cells, is 
the ultimate fructosyl donor for their synthesis, which occurs in the cell 
vacuole. At least three fructosyl transferase enzymes are involved: the 
first transferring a fructose unit from one sucrose to another to form the 
fructosej-glucose trisaccharide named kestose (and liberating a glucose), 
the second mediating further polymerisation by transferring fructosyl 
residues between kestose and longer glucose-(fructose)„ polymers 
(Koops and Jonker 1994; Penson and Cairns 1994; Liischer and Nelson 
1995), and a third recently characterized enzyme that transfers fructose 
units from sucrose to developing fructan polymers and, unlike the other 
two enzymes, forms (3(2-6) linkages between the fructose groups 
(Duchateau et al. 1995); the other two enzymes form p(2-l) linkages. A 
feature of fructan-accumulating plants is that their chloroplasts store 
less transitory starch than those of other plants; indeed, onion leaves 
effectively lack starch, and only recently has the presence of starch in 
onions been reported (Ernst and Bufler 1994). Finally, there is a startling 
report from van der Meer et al. (1994) that potato plants, which normally 
never make fructans, accumulated up to 30% of the dry weight of their 
leaves as abnormally large fructan molecules after being genetically en- 
gineered to produce bacterial fructosyltransferases. 



e) Sucrose Production 

There are as yet no detailed proposed changes to the pathway by which 
photosynthate exported from the chloroplast is converted to sucrose in 
the cytosol. None may be needed for daytime sucrose synthesis, but if by 
night the export process is as shown in Fig. 1C, then the pathway will be 
shorter, cytosolic hexokinase will be required and the quagmire of regu- 
latory effects that operate between fructose-6-P and fructose- 1,6-Pj (see 
below) would be irrelevant. 

Let us begin near the end. An important regulatory role is still envi- 
sioned for the penultimate enzyme, sucrose-P synthase, which is sus- 
ceptible to a protein kinase-catalysed phosphorylation (reducing activ- 
ity) and a phosphatase-catalysed dephosphorylation (increasing activ- 
ity). Weiner (1995) has obtained antibodies that distinguish between 
these two forms of the enzyme. The protein kinase involved may be a 
different protein to the protein kinase that similarly regulates another 
enzyme, nitrate reductase (McMichael et al. 1995). At first sight, this 
reversible phosphorylation of sucrose-P synthase might appear to be a 
"light/dark" regulation, and indeed in leaves the activation by dephos- 
phorylation seems to be light-mediated, and vice versa; but this view- 
point needs to be modified for two reasons: 
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1. some activity must remain in the dark if the chloroplast starch — > 

cytosolic sucrose conversion (Fig. 1C) is to proceed, and 

2. the enzyme in stored potato tubers (that normally never see the light 

of day) is similarly regulated (Reimholz et al. 1994). 

An intriguing observation is that the total activity in developing potato 
tubers exceeds the total activity in leaves (Misra et al. 1994). Finally, two 
more startling reports: tobacco leaves, that normally manufacture su- 
crose, were induced to behave like celery or apple leaves and synthesise 
mannitol or sorbitol (respectively) after being genetically engineered to 
produce one additional enzyme, which was all that was needed for glu- 
cose-6-P to be converted to mannitol- 1-P or sorbitol-6-P (Tarczynski et 
al. 1992; Tao et al. 1995). In the former case, the mannitol conferred in- 
creased resistance to salinity stress (Tarczynski et al. 1993). Incidentally, 
in celery, which normally produces some mannitol, salinity stress in- 
creases its production and storage (Stoop and Pharr 1994). 

It is probably premature to consider in detail the regulation of en- 
zymes interconverting fructose-6-P and fructose- 1,6-Pj in the cytosol. 
Three enzymes are involved (the classical ATP-linked P-fructokinase, 
PPi-linked P-fructokinase [PPi-PFK], and cytosolic FBPase), each regu- 
lated by a range of metabolites; fructose-2,6-Pj, which activates the sec- 
ond enzyme and inhibits the third, currently attracts the most interest. 
The problem is that difficulties and potential errors in estimating the 
enzyme activities and levels of fructose-2,6-Pj have been revealed 
(Podestd et al. 1994; Scott and Kruger 1994; Kruger 1995). Some past 
conclusions (see our earlier reviews) may therefore be in doubt. Two 
recent studies (Scott and Kruger 1995; Scott et al. 1995) in which in vivo 
fructose-2, 6-Pj levels were raised (by creating transgenic tobacco plants 
containing the mammalian enzyme that manufactures fructose-2,6-Pj) 
support the contention that, by inhibiting FBPase and activating PPi- 
PFK (Nielsen and Wischmann 1995), it can retard starch mobilisation 
and inhibit sucrose synthesis. Note, however, that fructose- 1,6-Pj, a sub- 
strate for the latter enzyme, may substitute for fructose-2,6-Pj in activat- 
ing it (Nielsen 1995). 

The question as to why plants need PPi-PFK has deepened. It cataly- 
ses a reversible reaction that functionally duplicates FBPase-plus-ATP- 
linked P-fructokinase. Its value in removing PPi (generated as UDP- 
glucose is formed on the way to sucrose) has been reiterated (Kruger 
1995), but it is a worry that Paul et al. (1995b) found that tobacco plants 
genetically engineered to contain less than 3% of the normal level of 
PPi-PFK appeared to be totally unaffected by the loss. 
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f) Sucrose Movement and Deposition 

Photosynthetically generated sucrose is directed toward the phloem for 
transport to sink tissues; a detailed review of this process in potato, to- 
mato and tobacco (an odd trio, since the former two have siriks quanti- 
tatively far greater than the latter) is available (Frommer and Sonnewald 
1995). Depending on the plant species, sucrose movement through the 
leaf is either symplastic or apoplastic. In the latter case, the sucrose is 
actively loaded into the phloem by a phloem-cell plasma-membrane 
sucrose-H"^ symporter (Truernit and Sauer 1995) powered by a plasma- 
membrane H"^-ATPase (Bouch^-Pillon et al. 1994). It is the efficiency of 
this leaf process that drives the high sucrose accumulation in sugar-beet 
roots (Lohaus et al. 1994), where it is stored in vacuoles after crossing a 
tonoplast antiporter in exchange for a (Getz and Klein 1995). In die 
leaf, ATP to power phloem loading is presumably generated by diverting 
a portion of the sucrose entering companion cells and using it to fuel 
glycolysis and respiration in these cells (Fig. 2) - Lerchl et al. (1995) have 
evidence for this after crossing two types of transgenic tobacco. 





J 



Fig. 2. Phloem loading. Respiratory ATP in the companion cell drives sucrose into the 
phloem against the concentration gradient. Support for the indicated metabolic pathway 
has been supplied by Lerchl et al. (1995) from whom this figure is adapted. Enzymes: a 
"sucrose synthase"; h UDP-glucose pyrophosphorylase; c hexokinase. If the complete 
respiration of one molecule of sucrose produces 72 ATP, and the import of each molecule 
of sucrose requires (as shown) 1 ATP, then only ca 1V2% of the incoming sucrose would 
need to be respired 
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Details of the transport of sucrose from the sink end of phloem to 
sink cells are less clear. There are claims for the importance of simple 
sucrose transporters (Frommer and Sonnewald 1995), sucrose synthase 
(Zrenner et al. 1995), an apoplastic invertase (Roitsch et al. 1995), and 
even a source-type sucrose-H* symporter (Truernit and Sauer 1995) de- 
spite the fact that sucrose moves down its concentration gradient in 
most sink tissues. Incidentally, a new role for the poorly named sucrose 
synthase (that in vivo generates UDP-glucose and fructose from sucrose; 
see Fig. 2), has been revealed by Amor et al. (1995), who found that the 
enzyme can be tightly associated with the plasma membrane of cells 
busily synthesizing cellulose (e.g., cotton); the UDP-glucose product is 
quite possibly fed directly to the cellulose (P-glucan) synthase. 

Some dramatic breakthroughs have finaUy been made in the long 
quest to explain how increased levels of soluble sugars in photosynthetic 
cells somehow exert a feedback control on photosynthesis, thereby re- 
ducing it. This phenomenon is well known for plants that have had a 
major sink organ removed (although in some grain-grasses it is not ob- 
served because alternative sinks are able to compensate for the loss; 
Nakano et al. 1995). A general idea of the mechanism involved came 
from Sheen (1994) and Krapp and Stitt (1994, 1995), who concluded that 
accumulated sugars acted at the level of gene transcription, specifically 
reducing the messenger RNAs for certain chloroplast enzymes involved 
in photosynthesis. Finally, a first hypothesis concerning details of the 
mechanism could be proposed by Jang and Sheen (1994): it seems likely 
that glucose and fructose are the critical soluble sugars, and that the 
enzyme hexokinase senses their concentrations and transmits this in- 
formation, perhaps as an enzyme-substrate(hexose) complex, to the 
cell's DNA. Questions remain, such as how the information is passed 
across the nuclear envelope (directly or indirectly?), and how it operates 
when leaf vacuoles are able to actively accumulate glucose and fructose 
via a tonoplast hexose transporter (Heineke et al. 1994b). Nevertheless, it 
is fascinating to reflect that hexokinase, an enzyme almost neglected in 
the recent past, has suddenly been endowed with two important roles: 
the first cytosolic enzyme involved in the nocturnal mobilisation of leaf 
starch (Fig. 1C), and the messenger molecule in the soluble-sugars feed- 
back regulation of photosynthesis. 



g) Mitochondrial Respiration and Chlororespiration 

It is generally believed that light at least partially inhibits mitochondrial respiration in 
photosynthetic cells, but that the portion remaining is important for sucrose synthesis 
and/or prevention of photoinhibition (Kromer 1995). In tree leaves the extent of inhibi- 
tion is ca. 50% (Villar et al. 1995). No new information concerning the role of mitochon- 
drial respiration in the light has appeared, except for an indication that it utilises some of 
the reducing equivalents generated by the thylakoid (Hurry et al. 1995a); these may be 
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delivered as NADH, or even as NADPH, to the outer surface of the inner mitochondrial 
membrane with has separate dehydrogenases relatively specific for each of these two 
nucleotides (Roberts et al. 1995). 

Three comments concerning the role of mitochondrial respiration in darkness are in 
order: 

1. an initial higher rate in wheat leaves does not seem to be wasteful (Averill and ap 
Rees 1995); 

2. almost one-third of it is calculated to be needed for the nocturnal mobilisation of 
chloroplast starch and export of the resultant sucrose (Bouma et al. 1995; see Fig. 2); 
and 

3. a portion of it may terminate with the alternative, cyanide-insensitive oxidase which 
appears to undergo an NADPH-linked (and maybe thioredoxin-based) reductive ac- 
tivation in the mitochondrial matrix (Vanlerberghe et al. 1995), not unlike the light- 
mediated activation of chloroplast enzymes (Sect. 2.b). This alternative oxidase re- 
cently has been isolated from a unicellular green alga (Eriksson et al. 1995). 

Minor attention continues to be devoted to the little-understood but potentially impor- 
tant process of chlororespiration. Recent research has centred on a possible thylakoid- 
based electron transport from NADH (Cuello et al. 1995) to oxygen (Biichel and Garab 
1995) that involves plastoquinone (Gruszecki et al. 1994). 



3. The "Stress" of Inadequate COj 

It might be argued whether or not the ambient atmospheric CO^ level of 
360 ppm represents a stress to plants. We have adopted a liberal inter- 
pretation in claiming that it does: the level is so low that, for terrestrial 
Cj plants, 

1. it permits only ca. one-half of the photosynthetic capacity under full 
sunshine to be attained, and 

2. it permits to compete for the active site of RuBP carboxylase, 
thereby initiating photorespiration (Sect. 3.c). 

Certainly, Cj plants growing at about half this CO^ level, similar to levels 
that occurred 20 000 years ago during the Last Glacial Maximum, are 
barely able to grow (Dippery et al. 1995). However, we concede that 
and (perhaps) crassulacean acid metabolism (CAM) plants (Sects. 3.b 
and 4.d), and algae - including marine phytoplankton (Raven 1994) - 
have developed mechanisms for concentrating CO^ in and around chlo- 
roplasts, and are therefore less likely to be stressed in this way. 



a) Uptake of Inorganic Carbon by Eukaryotic Cells 

Attention has swung from prokaryotic cyanobacteria (Espie and Kandasamy 1994; Yu et 
al. 1994) to eukaryotic algae in the study of inorganic carbon (Ci) uptake by aquatic 
photosynthetic cells grown in a "low CO^" (i.e. equilibrated with air) medium. In green 
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algae, several proteins, including special forms of carbonic anhydrase and ATPase, and a 
red-blood-cell-like anion antiporter, seem to be involved in taldng up CO^ and/or HCOj" 
(Sharkia et al. 1994; Gimmler and Slovik 1995; Matsuda and Colman 1995; Axelsson et al. 
1995; Ramazanov et al. 1995). Establishment of the uptake system(s) is triggered by the 
low external Ci concentration ; neither the internal Ci concentration nor light seem to be 
important (Matsuda and Colman 1995; Rawat and Moroney 1995) although blue light 
may have a developmental role (Borodin et al. 1994) as it seems to have in brown algae 
(Forster and Dring 1992). 

Much attention has been given to the enzyme carbonic anhydrase that accelerates the 
first of the CO^ + Hfi ^ ^ + HCOj' equilibrium reactions (Badger and Price 1994). 

The forms of the enzyme in Chlamydomonas reinhardtii have especially been targeted; at 
last count there were four: a periplasmic (between cell wall and plasmalemma) form, and 
three intracellular forms, two of which are associated with the chloroplast (Husic and 
Marcus 1994; Katzman et al. 1994; Karlsson et al. 1995; Siiltemeyer et al. 1995). At least 
two of these forms are part of the Ci uptake process which (it should be recalled) can 
concentrate Ci inside cells to levels well in excess of the external concentration. An un- 
usual twist to the links between carbonic anhydrase and the Ci concentrating mechanism 
is provided by the green alga Coccomyxa sp. that lacks the actual mechanism, but seems 
to compensate by developing a particularly high carbonic anhydrase activity (Hiltonen et 
al. 1995). Finally, the situation with chromophyte algae deserves some reconsideration: it 
seems that marine diatoms and coccolithophorids can possess Ci-concentrating mecha- 
nisms, but only with diatoms did carbonic anhydrase seem to play a role (Nimer et al. 
1994; Sekino and Shiraiwa 1994; Colman and Rotatore 1995). 

Sophisticated techniques have left little hope that a role for carbonic 
anhydrase in the chloroplasts of terrestrial Cj plants will be found. Price 
et al. (1994) had trouble detecting any difference between normal to- 
bacco plants and tobacco plants genetically engineered to contain only 
2% of the usual level of carbonic anhydrase, while Peltier et al. (1995) 
found that the photosynthesis of Commelina communis was unaffected 
after its leaf carbonic anhydrase activity in vivo was inhibited by more 
than 90% (as detected by ‘*0 measurements). Nevertheless, the enzyme 
is not without effects; it promotes CO^ solubilisation (Reising and 
Schreiber 1994; a new method for measuring this process has appeared, 
Oja and Laisk 1995), and it may have an important role in stomatal op- 
eration (Sharma et al. 1995). 



b) Plants 

plants avoid "low-CO^ stress" by employing mesophyll cells to use a 
biochemical pump that soaks up the sparse supply of atmospheric CO^ 
and delivers it to thick-walled bundle-sheath cells such that the concen- 
tration in the vicinity of RuBP carboxylase is sufficient to inhibit pho- 
torespiration (Dai et al. 1995) and allow this enzyme to operate closer to 
its V^. All this is achieved at a cost: additional light energy is required 
to operate the pump, so that the quantum yield (molecules CO^ fixed per 
photon absorbed) cannot match the higher values of ca. 0.10 measured 
with Cj plants - not even after the external CO^ level is increased 30-fold 
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Fig. 3. Events in the leaf mesophyll cell of the C, plant Zea mays. Enzymes: a carbonic 
anhydrase; b PEP carboxylase; c pyruvate Pi dikinase. Details of transport processes on 
the chloroplast envelope are from Aoki and Kanai (1995) 



(Lai and Edwards 1995). The CO^ entering mesophyll cells must first be 
converted to HCO,' with the help of carbonic anhydrase (Sect. 3.a) be- 
cause HCOj' is the substrate for the Ci-collecting enzyme phosphoe- 
nolpyruvate (PEP) carboxylase (Fig. 3). Consequently, inhibition of the 
in vivo carbonic anhydrase activity of C^-plant leaves severely disrupts 
photosynthesis (Badger and Pfanz 1995), in contrast to the lack of effect 
with Cj-plant leaves (see above). 

PEP carboxylation generates oxaloacetate that is reduced to malate. 
This malate enters the bundle-sheath cell (via plasmodesmata) where it 
is decarboxylated, thereby supplying the Calvin cycle with high CO^. 
Normally, only about 10% of this CO^ leaks back into mesophyll cells 
(Hatch et al. 1995), but an abnormality such as infection with a parasitic 
weed will increase this leakage (Smith et al. 1995). The other product of 
decarboxylation is pyruvate; this acid is returned to mesophyll cells 
where it is cotransported with Na^ or into chloroplasts (Aoki et al. 
1994) and then converted back to PEP in a reaction catalysed by pyru- 
vate Pi dikinase. Furbank and Taylor (1995) have highlighted the impor- 
tance of this enzyme by showing that Flaveria bidentis genetically ma- 
nipulated to contain less than 20% of the normal activity cannot grow in 
air. Finally, in normal plants the PEP exits the chloroplast and goes to 
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the cytosol to pick up more HCO 3 '. When pyruvate is cotransported into 
chloroplasts with H^, stromal acidification is avoided by returning the 
as part of the PEP molecule when the latter moves to the cytosol (Aoki 
and Kanai 1995; Fig. 3). 

plants are more plentiful in warmer, sunny climates, but a few effi- 
cient species have been found in cool (Beale and Long 1995) or shady 
(Smith and Wu 1994) habitats. More confusing is the existence of un- 
usual variants of the "classical” plant, including the accepted "€ 3 - 0 ^ 
intermediate" category of plants that display reduced photorespiration 
(especially when adapted to warmer climates; Teese 1995) by restricting 
the photorespiratory glycine decarboxylase to bundle-sheath cells (Devi 
et al. 1995). There are both C 3 -like and C^-like intermediate species 
(Bruhl and Perry 1995; Reyes Fernandez and Baker 1995), and there is an 
amphibious sedge, Eleocharis baldwiniiy that is a plant on land but is a 
CAM-like intermediate in the water (Uchino et al. 1995). Finally, a 
touch of C 4 flavour has been given to tobacco, a typical C 3 plant, by ge- 
netically engineering it to contain chloroplast NADP-linked malate de- 
hydrogenase from sorghum, a plant (Gallardo et al. 1995). 

A central feature of typical plants is the restriction of the Calvin 
cycle to bundle-sheath cells. This concept has been challenged by Cas- 
trillo and Whatley (1994), who concluded from a differential mechanical 
grinding technique that the mesophyll cells of six species of dicotyledon- 
ous C 4 plants contained RuBP carboxylase. We eagerly await confirma- 
tion of this report. 

Some recent studies have addressed the properties of two enzymes of PEP metabolism. 
PEP carboxylase is activated when phosphorylated by a protein kinase; the kinase from a 
CAM plant was strikingly similar to its counterpart from a plant (Li and Chollet 1994). 
Studies with sorghum have emphasised that the activation following phosphorylation is 
mainly a consequence of a decreased affinity for the allosteric inhibitor malate and an 
increased affinity for the allosteric activator glucose-6-P, especially when measured at 
physiological pH (Echevarria et al. 1994; Duff et al. 1995). The phosphorylative activation 
has again been demonstrated for a Cj-plant PEP carboxylase (Duff and Chollet 1995), but 
its translation into altered affinities for allosteric regulators is more subdued (Gupta et al. 
1994), except perhaps in stomata (Zhang et al. 1994a). In CAM plants, the activation 
process is somehow favoured by a lower ambient temperature (Carter et al. 1995). On the 
other hand, Drilias et al. (1994) point out that the C^ enzyme in vitro displays a higher 
(and more realistic) optimum temperature when assayed in the presence of a compatible 
solute such as glycerol. Finally, an interesting observation is the sixfold increase in PEP 
carboxylase that occurred in cucumber roots deprived of Fe^^; presumably it could assist 
an increase in extrusion that would acidify the rhizosphere and promote the reduc- 
tion of Fe^^ to Fe^^ (Rabotti et al. 1995). 

PEP carboxykinase, an enzyme that catalyses a reaction comparable (but not identi- 
cal) to PEP carboxylase, may have been poorly studied in the past due to its particular 
susceptibility to proteolytic degradation (Walker et al. 1995). The cucumber-cotyledon 
enzyme appears to undergo a phosphorylation/dephosphorylation cycle similar to that of 
PEP carboxylase (Walker and Leegood 1995); whether this also applies to the PEP car- 
boxykinase in those plants that use this enzyme for releasing CO^ in bundle-sheath 
cells remains to be seen. 
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c) Photorespiration 

When RuBP carboxylase mistakenly accepts O^, rather than CO^, as its 
gaseous substrate (and thereby acts as an oxygenase; Sect. 2a), a cycle of 
reactions is initiated that results in loss of carbon as COj and wasteful 
utilisation of photosynthetically-generated ATP and NADPH as the chlo- 
roplast endeavours to regenerate the RuBP. This, in summary, is the 
well-established process of photorespiration that normally occurs in Cj 
plants. Total regeneration of RuBP cannot occur if the CO^ concentration 
drops below a critical level (about one-seventh of the atmospheric level) 
where the straightforward competition between CO^ and dictates that 
their utilisation by the carboxylase/oxygenase is in a 1:2 ratio; this 
break-even concentration is the so-called CO^ compensation point (see 
Fig. 2 in our 1978 review). Of course, a similar ratio could be obtained by 
appropriately increasing the 0^ concentration while keeping the COj at 
its atmospheric level. Tolbert et al. (1995) have pointed out that this in- 
creased Oj level should be viewed as the "oxygen compensation point", 
and experimentally determined it to be 27®/o (cf. current atmospheric 
level is 21%). Therefore, if plants are exposed to 27% 0^, the 0^ taken 
up by the oxygenase activity and the released by photosynthetic wa- 
ter-splitting are equal. 

In normal air, the CO^-to-O^ utilisation ratio is closer to the reverse of 
that at the compensation points, i.e. 2:1. This allows C, plants to regen- 
erate RuBP and achieve net CO^ fixation for photosynthate production; 
but concomitant photorespiratory CO^ loss can be substantial; Valentini 
et al. (1995) recorded a rate of 56% of net assimilation for oak-tree 
leaves. This loss can be looked upon as a stress imposed by low CO^; the 
likelihood that photorespiration is an important means of dissipating 
excess photosynthetic energy (by using ATP and NADPH) is low (Brestic 
et al. 1995; see our last review). 

Further details of the photorespiratory metabolic pathway between glycolate (generated 
by the oxygenase reaction) and glycerate have been made available. The COj release is 
catalysed by a mitochondrial multiprotein glycine decarboxylase complex (Oliver 1994) 
that is activated by ATP (Zhang and Wiskich 1995) and, incidentally, is inhibited by a 
toxin from the pathogenic fungus of oats, Cochliobolus victoriae (Navarre and Wolpert 
1995). In contrast to some other mitochondrial proteins, the complex increases in 
amount slowly during leaf development, paralleling the attainment of photorespiratory 
activity (Lennon et al. 1995). Serine generated by the complex is directed to peroxisomes 
where it is deaminated and then reduced to glycerate; the reductant is cytosolic NADH 
delivered to the peroxisome via an unusual membrane-independent malate shuttle 
(Reumann et al. 1994). 

Alternatives to the standard photorespiratory pathway have been suggested, based on 
the presence of the enzymes glycine oxidase and serine dehydratase in leaves 
(Igamberdiev and Bykova 1993), and enzymes of the glyoxylate pathway (usually associ- 
ated with the conversion of fat to sucrose by germinating oil seeds) in diatom perox- 
isomes (Winkler and Stabenau 1995). However, the extent to which diatoms normally 
metabolise glycolate might be questioned: 
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1 . like other unicellular algae, they are capable of actively accumulating Ci (Colman and 
Rotatore 1995) to a level that presumably could overwhelm the oxygenase, and 

2 . even if this Ci-pump fails to develop, as might happen in the Zn *-poor ocean (see 
our last review), glycolate simply might be excreted rather than metabolised - the 
detection of up to 89 pg glycolate per litre of Mediterranean seawater (Leboulanger et 
al. 1994) is evidence for this. 



d) Experiments with High-CO^ Atmospheres 

One way to investigate the extent of stress imposed on plants by today’s 
below-saturating (for RuBP carboxylase; Fig. 4A) level of atmospheric 
CO 2 is to study plants grown under higher levels of CO 2 . A large volume 
of such studies is now available in the literature, prompted no doubt by 
the realisation that human activities are resulting in a steady annual 
addition of 1.5 ppm to the atmospheric CO^ level. All these studies can- 
not be reviewed here. Many add to and refine the conclusions we noted 
in out 1990 review: for C 3 plants, increased CO^ (e.g., a doubling to ca. 
600 ppm) generally increases photosynthesis, growth, and biomass pro- 
duction, but with the caveats that, as might be expected, the extent of 
increase can be limited by a low availability of other plant resources 





Fig. 4. A A calculated plot of RuBP carboxylase activity versus CO^ concentration. The 
plot assumes Michaelis-Menten kinetics with = 3.5 s"‘ and (CO^) = 18 pM (von 
Caemmerer et al. 1994). Actual in vivo activities for C 3 plants under preindustrial (1750; 
280 ppm CO^), today's (1997; 360 ppm) and possible future ( 2100 ; 600 ppm) atmospheres 
are based on (i) a conversion factor of 12 pM = 360 ppm and (ii) the CO^ concentration in 
the chloroplast stroma being 50% of that in the surrounding air (von Caemmerer and 
Evans 1991). The C^-plant value is based upon a CO^ concentration of 70 pM in bundle- 
sheath cells (Jenkins et al. 1989). B Photosynthesis by a C 3 plant and a plant grown and 
measured under CO^ levels between one-half and twice the current atmospheric level of 
360 ppm. (After Tissue et al. 1995) 
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(e.g., water, mineral nutrients), a low availability of plant sinks to accept 
photosynthate, or complex ecosystem interactions. 

Plants with Ci pumps of one type or another are not expected to re- 
spond to increased CO^ because they already develop it internally. Raven 
(1994) sees no reason to expect that marine phytoplankton (which have 
the added luxury of seawater HCO,' at 200-times the COj level) should 
respond, but other reports are somewhat surprising: positive responses 
by the plants Sorghum bicolor (Amthor et al. 1994) and Bouteloua 
gracilis (Morgan et al. 1994) were recorded (although another plant, 
Amaranthus retroflexus, did not respond - Dippery et al. 1995; Fig. 4B), 
and a quite marked positive response by the CAM plant Opuntia ficus- 
indica was seen (Israel and Nobel 1994). In the latter case, stimulation 
was attributed to an enhanced collection of Ci during the early part of 
the night (see Sect. 4d). 

For C, plants, further reports of high-COj-induced promotion of 
growth have appeared for crops (Amthor et al. 1994; Conroy et al. 1994; 
Thompson and Woodward 1994; Ziska and Bunce 1995), grasses 
(Jackson et al. 1994; Morgan et al. 1994; Greer et al. 1995), and trees 
(Gunderson and Wullschleger 1994; Idso and Kimball 1994). The extra 
growth of crops might benefit agricultural production, but for wheat this 
benefit might be at the expense of a reduction in grain quality (Conroy 
et al. 1994; Thompson and Woodward 1994). Two studies contrast with 
the rest, in that the responses of paints grown under historically low CO^ 
levels were examined. At 150 ppm CO^ (less than half today's level), 
photosynthesis by the Cj plants Abutilon theophrasti (Fig. 4B), oats, and 
wild mustard were reduced by a massive 70% (Polley et al. 1992; Tissue 
et al. 1995), but at the preindustrial level of ca. 270 ppm no noticeable 
difference to A. theophrasti grown under "today's" 350 ppm could be 
seen (Tissue et al. 1995). 

The long-term responses of plants to high CO^ are confusing. A num- 
ber of studies (e.g. Idso and Kimball 1994) have recorded consistent 
long-term (years) higher rates of photosynthesis and growth under high 
COj, but in other studies initially high rates gradually decreased during a 
period of so-called acclimation (Reining 1994), presimiably because of 
insufficient sinks for photosynthate. However, an acclimation-induced 
decrease can be sufficiently mild that plants grown under high COj may 
still photosynthesize substantially faster than normal-CO^-grown plants 
(Jacob et al. 1995). One case of a subsequent return to high rates has 
been noted by Ziska et al. (1995), and attributed to the development of 
additional sink capacity. 

A symptom of insufficient sinks is the accumulation of leaf starch, 
and this symptom was patently obvious in a unique central Italian 
comm u nity of plants that always has been exposed to a naturally devel- 
oped high-COj atmosphere due to a chance combination of geological 
and geographical events (Korner and Miglietta 1994); the appearance 
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and growth rates of these plants were otherwise similar to those of a 
nearby comparable plant community under a normal atmosphere, indi- 
cating that they were considerably acclimated to the high CO^. 

Physiological and biochemical experiments suggest that the term 
"insufficient sinks" should include, if present, any limited capacity to 
export GAP from chloroplasts, convert it to a translocatable soluble 
sugar such as sucrose, and export this sugar to sinks (Greiner de Mothes 
and Knoppik 1994). Both sucrose synthesis and phloem loading appear 
to be important: under 650 ppm CO^ tomato plants genetically engi- 
neered to contain additional sucrose-P synthase grew better than control 
plants (Micallet et al. 1995), while a range of plant species with different 
(apoplastic or symplastic) types of phloem loading displayed the same 
absolute increase in soluble sugars and starch in leaves when grown un- 
der high COj (Korner et al. 1995). It appears that, eventually, the accu- 
mulated soluble sugars may exert a feedback control on photosynthesis 
by inhibiting the transcription of genes that code far proteins central to 
photosynthesis (Sect. 2.f). This was found to be so for several tomato 
proteins, including chlorophyll-binding proteins, rubisco activase, and 
the small subunit of RuBP carboxylase (Van Oosten and Besford 1994; 
Van Oosten et al. 1994). However, it was not so for either subunit of 
RuBP carboxylase, of for several other Calvin cycle enzymes in wheat 
(Nie et al. 1995), but wheat is unusual in that its RuBP carboxylase con- 
tent remains steady or even increases when plants are grown under high 
COj (Makino 1994; Habash et al. 1995), in contrast to other species in 
which declines occur (Israel and Nobel 1994; Xu et al. 1994; Jacob et al. 
1995). 



4. Other Stresses, and Stress-Relief Mechanisms 
a) Ascorbate, Zeaxanthin and Photoinhibition 

We apologise for presenting a figure (Fig. 5) that is superficially similar 
to those dealing with ascorbate in two of our last three reviews; but we 
hasten to draw attention to a fundamental point of departure: we view 
the two schemes in Fig. 5 as representations of two relatively distinct 
plant physiological events, and it is noteworthy that neither scheme in- 
volves both of the enzymes ascorbate peroxidase and glutathione reduc- 
tase. These two enzymes, together with superoxide dismutase and dehy- 
droascorbate reductase, constitute the ascorbate-glutathione cycle (Fig. 
2 in our last review) believed to be important for preventing the accumu- 
lation of toxic oxygen species (Foyer et al. 1994) and for dissipating ex- 
cess photosynthetically generated reducing power (see Vdcha 1995); but 
its role, and indeed that of photorespiration, in the latter dissipation 
process were questioned on the basis of these pathways' capacities 
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(Heber and Walker 1992). In particular, the relatively low activity of 
glutathione reductase (e.g., Mishra et al. 1995) was a concern, and the 
fruitless search by many investigators for marked increases in one or 
more of the enzyme activities following the imposition of a stress (see 
review by Foyer et al. 1994) puts the pathway's role in doubt. An addi- 
tional observation was that leaves of tobacco genetically engineered to 
display a three-fold increase in superoxide dismutase activity also (via 
an unknown mechanism) showed a similar boost in ascorbate peroxi- 
dase activity, but neither of the activities of glutathione reductase or 
dehydroascorbate reductase showed any change (Gupta et al. 1993). 




ATP O 2 2 H 2 O 



(B) 



4 photons 




dehydro - 

\ Z' ascorbatev 



zeaxonthin 



ascorbate violaxanthin 



Fig. 5A, B. Two roles of ascorbate in plants. A Photosynthetic phosphorylation and de- 
toxification of active oxygen. In the literature, this sequence of reactions is given the 
clumsy (and not altogether accurate) term "pseudocylic electron transport". It serves two 
purposes: (1) the processing of the products of oxygen reduction, and (2) the generation 
of ATP when the 4 moved into the thylakoid lumen by plastoquinone subsequently 
exit via the chloroplast coupling factor (Forti and Elli 1995). Note that this system, which 
is a representation of reactions 1, 2a, 3a and 4a in Forti and Elli (1995), is totally balanced 
with respect to the production and consumption of H^O, 0^, and electrons. Enzymes: a 
ferredoxin-NADP^ oxidoreductase (Goetze and Carpentier 1994); b superoxide dismu- 
tase; c ascorbate peroxidase; d monodehydroascorbate reductase (Miyake and Asada 
1994). Abbreviations: Fd ferredoxin (oxidised or reduced); MDA monodehydroascorbate; 
PQ plastoquinone. B Generation of the photoprotective carotenoid zeaxanthin. Enzymes: 
e glutathione reductase; / dehydroascorbate reductase; g violaxanthin de-epoxidase. 
Abbreviations: GSH and GSSG glutathione (reduced anil oxidised forms). (After Hager 
and Holocher 1994) 
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In the meantime, the fact that monodehydroascorbate is the product 
of ascorbate peroxidase in the chloroplast has been reemphasised, and 
its very efficient reduction back to ascorbate by photosynthetically re- 
duced ferredoxin on the chloroplast thylakoid has been confirmed 
(Miyake and Asada 1994). Thus, an abbreviated, glutathione-reductase- 
independent sequence of reactions can be drawn (Fig. 5A) that is identi- 
cal to a sequence listed by Forti and Elli (1995) and shown by them to be 
capable of supplementing the supply of ATP for the Calvin cycle. This 
sequence has no net exchange, a fact supported by the observation 
that Oj reduction is difficult to detect in non-stressed leaves (Ghashghaie 
and Comic 1994). Overall, we suspect that the plant uses this sequence of 
reactions as its first line of attack against the superoxide anion, whether 
produced in low amounts during the course of "pseudocyclic" photo- 
phosphorylation, or in higher amounts when stressed (see below). 

If Fig. 5A is accepted, then two questions arise: 

1. does the ascorbate-glutathione cycle have any significant role in vivo, 
and 

2. if not, does glutathione reductase have any role in preventing photo- 
inhibition? 

Possible answers to both questions are available. Firstly, it may be that 
the ascorbate-glutathione cycle serves a minor, backup role by scaveng- 
ing any dehydroascorbate that is formed by disproportionation of any 
small amount of monodehydroascorbate (i.e. 2 monodehydroascorbate 
ascorbate + dehydroascorbate) that may escape photoreduction on 
thylakoids. Correlations between glutathione reductase contents mark- 
edly altered by genetic engineering and suspectibility to oxidative stress 
(Aono et al. 1995; Foyer et al. 1995) support this suggestion. 

Secondly, an alternative and probably more significant role for glu- 
tathione reductase is its participation in the three-reaction sequence by 
which photosynthetically generated NADPH is used to power the 
deepoxidation of violaxanthin to zeaxanthin in chloroplasts (Hager and 
Holocher 1994; Fig. 5B). This sequence may be a far more important 
mechanism than that in Fig. 5A for avoiding photoinhibition (Demmig- 
Adams and Adams 1992), in that it prevents reducing power from being 
generated in the first place. Any stess that reduces CO^ fixation will re- 
duce the demand for ATP, thus ADP + Pi will become unavailable to the 
thylakoid coupling factor which, in turn, will cease to operate, trapping 
plastoquinone-transported H* in the thylakoid lumen. The lower lume- 
nal pH activates violaxanthin de-epoxidase by promoting its access to 
violaxanthin (Hagar and Holocher 1994) and increasing the proportion 
of ascorbate in the acid form, which appears to be this enzyme's true 
second substrate (Bratt et al. 1995). The generated zeaxanthin then ini- 
tiates an as yet poorly defined sequence of photosystem-II membrane 
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alterations and/or pigment interactions that result, ultimately, in excess 
harvested light energy being harmlessly converted to heat (Gilmore and 
Bjorkman 1994; Pfiindel and Bilger 1994; Thiele and Krause 1994). It is 
noteworthy that this system does not require a continuous net flux of 
violaxanthin to zeaxanthin, and therefore might be less handicapped 
than the ascorbate-glutathione cycle by relatively low in vivo activities of 
glutathione reductase. 

The alterations to photosystem II that promote this conversion of 
light to heat can persist for some hours after the reinstatement of condi- 
tions favourable to photosynthesis. Absorbed light energy is then parti- 
tioned between heat generation and COj fixation, so that a low quantum 
yield (CO^ fixed per photon absorbed) is detected. In this situation the 
photosynthetic tissue is said to be "photoinhibited", but this is a strong 
term to use because the low photosynthesis is merely a manifestation of 
a properly organised protective device at the molecular level, and not an 
indication of damage (Adams and Demmig- Adams 1995; Lovelock et al. 
1995; see Thiele and Krause 1994). Admittedly, it can lead to reduced 
agricultural production (Laing et al. 1995). However, when the capacity 
to fix CO 2 is severely reduced by stresses, such as low-temperature- 
induced slow-down of the Calvin cycle enzymes or low-water-induced 
stomatal closure, the photoprotective devices in the thylakoid become 
overloaded. Real photoinhibition then develops as a surge of reduced 
oxygen species, apparently exceeding the capacity of the system in Fig. 
5 A, begins to oxidatively damage chloroplast components (Allen 1995; 
Wise 1995), eventually leading to plant death. Except, perhaps, in algae: 
the marine green alga Ulva rigida simply excretes (Collin et al. 
1995), while the marine microalga Chattonella antiqua releases superox- 
ide anions into seawater, leading to the death of fish (Tanaka et al. 1994). 



b) The Stress of Low Temperature 

The simplified picture of low temperature slowing down the Calvin cycle 
and thereby initiating a chain of events leading the oxidative damage 
(because the light reactions are less affected by low temperature) needs 
to be viewed in the context of the wide range of temperature regimes to 
which different plant species are adapted. For example, zeaxanthin- 
induced energy dissipation was able to protect the Antarctic moss 
Grimmia antarctici (Lovelock et al. 1995) and two evergreen plants 
(Adams and Demmig-Adams 1995) from "real" photoinhibition at low 
temperature, but it could not protect pumpkin (which belongs to the 
group of so-called cold-sensitive plants), at least partly because, in 
pumpkin leaves, chilling retards the de-epoxidation of violaxanthin to 
zeaxanthin (Brtiggemann and Koroleva 1995); but other enzymes may 
also be involved. Enlightening comparisons have been made between 
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two species of tomato, the chilling-sensitive commercial Lycopersicon 
esculentum and the chilling-resistant L. peruvianum. Only in the latter 
were RuBP carboxylase and the FBPases stable after the plants were ex- 
posed to 10 °C (Briiggemann et al. 1994). In the former, a loss of one-half 
of the RuBP carboxylase activity coincided with the oxidation of enzyme 
sulfhydryl groups (Briiggemann 1995), and it is not inconceivable that 
this was somehow a consequence of damaged thylakoid membranes 
being a liability to the action of rubisco activase (Byrd et al. 1995). 

Many studies have addressed the adaptation of plants to lower tem- 
peratures, and correlated success with increases in enzyme activities or 
stabilities. When rice, maize and red spruce were near their lower tem- 
perature limits, this applied to one or more of the oxygen-scavenging 
enzymes shown in Fig. 5 (Hausladen and Alscher 1994; Prasad et al. 
1994; Saruyama and Tanida 1995; Massacci et al. 1995). In several agri- 
cultural plants, evidence for increased leaf contents or greater stabilities 
of RuBP carboxylase, FBPase (both chloroplast and cytosolic forms), 
sucrose-P synthase, glucose-6-P dehydrogenase, and PEP carboxykinase 
has been obtained (Briiggemann et al. 1994; Bredemeijer and Esselink 
1995; Hurry et al. 1995b; Saez-Vdsquez et al. 1995; Gray et al. 1996). It is 
tempting to invoke some of these activity increases to explain a funda- 
mental observation made by two groups and potentially of wide interest, 
viz. the photosynthesis rates (measured at 20 °C) by potato and rye 
leaves from plants grown at low temperatures were at least double those 
for leaves from plants grown at higher temperatures (Hurry et al. 1995a; 
Steffen et al. 1995; Table 1). Clearly, the cold-treated plants were not yet 
at temperatures low enough to cause stress. A similar result has been 
reported for the green alga Chlorella vulgaris (Maxwell et al. 1995). 



Table 1. The greater photosynthetic rates of potato leaves, rye leaves and Chlorella vuU 
garis cells grown at low temperature 



Species 


Daytime growth 
temperature 


Photosynthetic 

rate“ 




(“C) 




Potato 


12 


118 




28 


40 


Rye 


5 


37 




24 


18 


C. vulgaris 


5 


770 




27 


270 


Photosynthetic rates 


are in pmol mg ' chi h"' 


(potato and C. vulgaris) or pmol m'^ s ' 



(rye), and were measured at 20 °C (the plants) or 27 °C (the alga). For each species, the 
light intensity during growth was the same at both temperatures. Data estimated from 
Maxwell et al. (1995), Hurry et al. (1995a) and Steffen et al. (1995). 
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An emerging concept is that, in cold-tolerant plants, the avoidance of 
photoinhibition is mediated by changes made, not in response to low 
temperature per se, but rather in response to the excitation pressure on 
photosystem II; identical changes occur when this pressure is increased 
by raising the light intensity rather than lowering the temperature. A 
fascinating (although not central) point is that different species adopt 
different changes: Chlorella vulgaris decreases its light-harvesting ca- 
pacity and increases its capacity for zeaxanthin-based dissipation of 
energy as heat, but winter cereal grasses appear to concentrate on in- 
creasing their photosynthetic capacity, in particular by increasing their 
content of sucrose-P synthase (Maxwell et al. 1995; Gray et al. 1996). 
Potato appeared to adopt an intermediate approach (Steffen et al. 1995). 

Finally, two points concerning high temperature: 

1. the above-mentioned experiments with potato, rye and Chlorella 
(Table 1) indicate that, all other factors being optimal, relatively high 
(but not necessarily stressful) growth temperatures can decrease 
photosynthetic performance, and 

2. one adaptive response of tree leaves to high temperature is to pro- 
duce isoprene, which then constitutes 2% of the photosynthate pro- 
duced by these leaves (Sharkey and Singsaas 1995). 



c) The Stress of Low Water Availability 

It is still unclear whether stomatal closure is the exclusive reason for lowered photosyn- 
thesis in drought-affected plants, or whether a disturbance to the metabolism of photo- 
synthetic cells is also involved (see our 1992 review). Two recent studies point to stomatal 
closure as being the sole factor involved in French beans and white clover (Brestic et al. 
1995; Grieu et al. 1995). In the former case, the avoidance of photoinhibition was attrib- 
uted to effective light-to-heat conversion in the thylakoid; no significant role for pho- 
torespiration could be envisaged. However, the potential for photoinhibition following 
the diversion of reducing power to oxygen and consequent formation of reactive oxygen 
species such as still exists (Allen 1995), but Moran et al. (1994) state that 
not accumulate in drought-stressed pea leaves because ascorbate peroxidase and mono- 
dehydroascorbate reductase removed it (cf. Fig. 5A). Four groups have examined changes 
to the activities of these two enzymes and other enzymes thought to be involved in me- 
tabolizing reactive oxygen species, in pea and wheat leaves before and after water stress 
(Zhang and Kirkham 1994; Baisak et al. 1994; Moran et al. 1994; Herndndez et al. 1995). 
However, apart from a fairly consistent increase in superoxide dismutase, no clear pic- 
ture emerged; some activities increased and then decreased, while glutathione reductase 
activity increased in wheat leaves but decreased in pea leaves. 

Finally, it is fascinating to note that leaves treated with excess water also suffer stress: 
Ishibashi and Terashima (1995) report that bean leaves exposed to an artificial misty rain 
partially closed their stomates, resulting in reduced photosynthesis and some chronic 
damage to the photosynthetic apparatus. 
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CAM is one of the most dramatic adaptations of plants to stress. Faced 
with a low water potential due to either low water supply (e.g., Kalan- 
choe daigremontiana) or salinity (e.g., Mesembryanthemum crystal- 
linum), CAM plants have totally reversed stomatal operation, opening 
stomates by night so that CO^ may be collected by PEP carboxylase and 
then stored (as one of the carboxyl groups of malate) in vacuoles, and 
then closing stomates by day to block transpiration; however, photosyn- 
thesis can proceed behind these closed stomates because an ample sup- 
ply of COj can be released by decarboxylating the stored malate. The 
enigmatic reversal of stomatal operation may be explained, at least in 
part, by the inactivation of guard-cell photoreceptors (Mawson and 
Zaugg 1994). 

The PEP carboxylase in CAM plants is cyclically activated/inhibited 
by phosphorylation/dephosphorylation (see Sect. 3.b), as recently dem- 
onstrated with the M. crystallinum enzyme (Weigand 1994). This regu- 
lation contributed to the circadian rhythm of CAM in Graptopetalum 
paraguayense (Kusumi et. al. 1994), but in other CAM plants additional 
enzyme properties, including alterations to the affinity for PEP (Conti 
and Smirnoff 1994) and abscisic acid-induced enzyme synthesis (Taybi 
et al. 1995), were found to be important. 

Cytosolic PEP carboxylation leads to the formation of malate which is 
taken up by vacuoles, probably via a "carboxylate uniporter" protein that 
has a malate affinity and transport capacity sufficient to accommodate 
observed CAM activities (Ratajczak et al. 1994). These authors con- 
cluded that an electrical membrane potential could provide the driving 
force for malate uptake. The potential might, in turn, be developed by 
the combined action of two or three other tonoplast proteins: a NaVH* 
antiporter that can produce high concentrations of vacuolar Na"^ (at least 
in M. crystallinum), and an H^-ATPase and/or H^-pyrophosphatase 
(Barkla et al. 1995; Becker et al. 1995). Electron microscopy has permit- 
ted the visualisation of both of these last two proteins as "particles" on 
tonoplasts of K. daigremontiana and M. crystallinum (Mariaux et al. 
1994; Rockel et al. 1994). 

By day, malate is gradually returned to the cytosol where it is decar- 
boxylated, either by an NADP-linked malic enzyme that shows a 12-fold 
quantitative increase when CAM is induced in M. crystallinum (Saitou et 
al. 1994), or by a mitochondrial NAD-linked malic enzyme that is more 
active diurnally than nocturnally (Cooke et al. 1995). The other product 
of the decarboxylation, pyruvate, is converted to PEP by a pyruvate Pi 
dikinase, whose biosynthesis in M. crystallinum, unlike that of PEP car- 
boxylase, is only mildly responsive to whether or not the plant is in a C, 
mode (i.e. well-watered) or a CAM mode (i.e. poorly watered or salt- 
stressed; Fifilthaler et al. 1995). Finally, the PEP is converted to starch. 
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which is degraded the following night via glycolysis to generate the next 
batch of PEP. The last enzyme in this sequence, enolase, experiences a 
fourfold boost in activity when M. crystallinum is salt stressed 
(Forsthoefel et al. 1995); it could be the next enzyme for which regula- 
tion by covalent modification (e.g., phosphorylation/dephosphorylation) 
is reported. 

One last instance of CAM is odd, in that it occurs in the Australian 
aquatic macrophyte Crassula helmsii. In this case, CAM is not a re- 
sponse to water stress (obviously!), but possibly a response to low-CO^ 
stress: nocturnal uptake and storage of CO^ would extend the total pe- 
riod of COj uptake, undoubtedly a benefit in an aquatic environment, 
where the rate of CO^ diffusion is less than 0.01% of the rate in air (New- 
man and Raven 1995). 



e) The Stress of Ultraviolet Radiation 

Plants cannot avoid exposure to ultraviolet (UV) radiation, and thus 
have evolved protective and repair mechanisms to deal with it. Protec- 
tion of terrestrial photosynthetic cells is afforded by a natural sunscreen 
of flavonoid compounds in leaf epidermal cells (Caldwell 1981). The vital 
importance of these flavonoids, and several other closely related pheno- 
lic compounds, as UV filters has been highlighted by the increased UV 
sensitivity of plants with reduced levels of these compounds (Reuber et 
al. 1993; Stapleton and Walbot 1994), and the drastic UV-induced dam- 
age done to Arabidopsis thaliana mutants deficient in their synthesis (Li 
et al. 1993; Lois and Buchanan 1994; Landry et al. 1995). 

Two targets of UV-radiation damage are DNA and photosynthesis 
(Caldwell 1981). Damage and subsequent repair of DNA have been re- 
viewed by Britt (1995). Here we briefly survey reported damage to pho- 
tosynthesis. Several UV-induced effects have been noted, including 
marked alterations to chloroplast morphology, damage to photosystem 
II (including degradation of the D1 protein), and damage to the cUoro- 
plast coupling factor (He et al. 1994; Zhang et al. 1994b; Friso et al. 1995; 
Nogues and Baker 1995). In addition, there are further reports (cf. our 
1992 review) that the activity of RuBP carboxylase is reduced (Rao et al. 
1995), at least partly due to a photomodification of the enzyme's large 
subunit (Wilson et al. 1995). Finally, an indirect effect is that plants 
damaged by UV radiation suffer difficulties in moving photosynthate to 
sinks, or sinks (e.g., developing leaves) are damaged; in either case, 
photosynthate accumulates as chloroplast starch (Britz and Adamse 
1994; He et al. 1994). 

Global interest is paid to the possibility that plant productivity might 
be adversely affected by the increased amount of UV light that plants are 
now exposed to following the depletion of stratospheric ozone. The like- 
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lihood of this possibility deserves to be monitored, but conclusions must 
take into account the extent to which experiments, such as those re- 
ferred to above, involved UV treatments in excess of projected future 
levels of UV radiation; hopefully, future levels will not be much greater 
than current levels now that action has been taken to curb further loss of 
stratospheric ozone. In a recent review, Fiscus and Booker (1995) are 
optimistic that actual UV stress to terrestrial plants will be minimal, and 
even phytoplankton in Antarctic waters, above which substantial ozone 
depletion occurs each austral spring, are not as stressed as popularly 
believed: annual primary productivity by these microalgae does not 
seem to be reduced by more than 1% (Holm-Hansen et al. 1993; Arrigo 
1994), 



f) The Stress of Pathogens 

Plant pathology is largely beyond the scope of this chapter; but some 
interesting connections to photosynthesis deserve mention. One of these 
is the proposed involvement of reactive species of oxygen (e.g., superox- 
ide anions and H^Oj) in the defense mechanisms used by plants against 
pathogens; these same species of oxygen can be produced during other 
stress responses (Sect. 4,a-c). Their involvement in combating patho- 
gens at infection sites is part of the so-called hypersensitive response 
(Mehdy 1994), which operates better in young plant tissue (Barna et al. 
1993), and was improved in a potato plant genetically engineered to con- 
tain the HPj-generating fungal enzyme glucose oxidase (Wu et al, 1995). 

A more recent observation is that plant tissues away from the site of 
pathogen attack develop enhanced resistance to pathogens, presumably 
because one or more messenger molecules, produced at the site of at- 
tack, move through the phloem to other parts of the plant where changes 
that strengthen resistance are initiated, including the synthesis of several 
new proteins called pathogenesis-related proteins. These events are col- 
lectively termed "systemic acquired resistance" (Ryals et al, 1994). There 
is some evidence that one messenger molecule is the small phenolic 
compound salicylic acid, and an intriguing observation is that salicylic 
acid binds to and inhibits the enzyme catalase in a variety of plants 
(Sdnchez-Casas and Klessig 1994). This might be expected to cause 
(and other reactive oxygen species) to accumulate, and it has been pro- 
posed that this HjOj might be the second messenger molecule that initi- 
ates the transcription of genes for pathogenesis-related proteins (Con- 
rath et al. 1995; see Ryals et al. 1994). However, the evidence for this is 
not clear-cut (Neuenschwander et al. 1995), and we have to confess to 
some degree of awe when contemplating that a relatively dangerous and 
structurally simple molecule like H^Oj should be endowed with a second- 
messenger role. In addition, one wonders how could effectively 
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carry out such a role while simultaneously performing another duty, viz. 
assisting the generation of ATP for photosynthetic carbon fixation (Forti 
and EUi 1995; Fig. 5A). Finally, the suspected role of catalase is not with- 
out problems, given the notoriously low affinity of this enzyme for HjO^, 
and the report that other factors (e.g., light and temperature) cause 
fluctuations in its in vivo activity (Volk and Feierabend 1989). 

The functions of only some of the pathogenesis-related proteins have 
been discovered. One recent surprise was that, in celery, one of them is a 
mannitol dehydrogenase capable of initiating the metabolism of manni- 
tol, which is a major photosynthate in this plant (Williamson et al. 1995). 
In the future, celery {Apium graveolens) may provide real links between 
photosynthetic carbon metabolism and the mechanisms used by plants 
to fight off foreign organisms. 
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V. Functions and Responses 
of the Leaf Apoplast Under Stress 

By Karl-Josef Dietz 



1. Introduction 

The extraprotoplastic matrix of plant cells including the cell wall is here 
defined as apoplast. The most obvious functions associated with the 
apoplast are (1) establishment and maintenance of cell shape, (2) its role 
in turgor development, (3) uptake and transport of water, ions and me- 
tabolites as, for instance, in the root apoplast and x)dem, and (4) 
apoplasmic assimilate loading of the phloem in many species. These 
topics have frequently been reviewed (Lauchli 1976; Liittge and Higin- 
botham 1979; van Bel 1993; Canny 1995). 

However, in addition to these important functions, the apoplast is 
intricately involved in many other cellular reactions and processes, not 
only under normal growth conditions but also or particularly under cir- 
cumstances which are unfavourable for plant survival and growth, 
conditions which are subsumed under the term stress. A discussion of 
the functions and reactions of the leaf apoplast under stress must be 
based on our understanding of the structure, organisation and reactivity 
of the apoplast under non-stressed growth conditions. The leaf apoplast 
has an ion and metabolite composition distinct from other cellular com- 
partments and contains a typical pattern of lytic enzymes and structural 
proteins. The specific biochemical milieu is created in the apoplast un- 
der control of various cellular mechanisms including transport and is 
influenced by external factors. Five processes determine the metabolic 
composition and biochemical activities of the leaf apoplast (Fig. 1): (1) 
physicochemical properties of the apoplast, particularly the cell wall, (2) 
transport characteristics of the plasma membrane of neighbouring cells, 
(3) exo- and endocytosis, (4) water and solute transport in the apoplast- 
xylem continuum (if it is not interrupted by specific sheath cells) and (5) 
environmental factors including biotic and abiotic stressors. In transpir- 
ing leaves, the speeds of mass flow and diffusion have to be related to the 
activity of transmembrane transport processes in order to define the 
specific biochemical composition at any location of the leaf apoplast 
(Canny 1990b). As a consequence, the leaf apoplast as a uniform com- 
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Fig. 1. Schematic summary of the parameters which determine the physiological proper- 
ties of the leaf apoplast 



partment may not exist. Conversely, micromilieus are created by specific 
cell types and tissues. For instance, the apoplast in vicinity to the xylem 
delivering the transpiration stream is different from the apoplast where 
phloem loading occurs at least in species with apoplasmic type of 
phloem loading. The flux of ozone into the apoplast is higher in the 
substomatal cavity than in leaf regions distant to the stomata where the 
ozone concentration is already decreased. One can envisage that the 
differences in biochemical and chemical properties are reflected by 
specific enzyme activities and vice versa. Other examples of possible 
microheterogeneity of the apoplast will be addressed below. There exist 
only a few methods to analyze such differences in apoplast composition 
on a microscale, for instance pH measurements by use of fluorescence 
dyes (Canny 1987) or microelectrodes (Bowling and Edwards 1984; 
Bowling 1987; Edwards et al. 1988) or immunocytochemical methods 
and tissue prints to analyze protein distribution (Ye et al. 1991). Other 
methods are currently being developed or refined in order to obtain 
sufficient spacial resolution. NMR techniques, methods of microanaly- 
sis, and other approaches will provide clues to the question and open 





Functions and Responses of the Leaf Apoplast Under Stress 



223 



new insight. Up to now, methods with low spatial resolution such as 
infiltration techniques have been employed, which give an average over 
the whole leaf apoplast. Until more appropriate approaches substantiate 
one or the other hypothesis, the assumption of microheterogeneity 
within the apoplast of leaves will remain a matter of debate (cf. Canny 
1990a; Tetlow and Farrar 1993; Lohaus et al. 1995). 

Recently, a considerable number of observations has shown that ma- 
jor disturbances in the apoplasmic milieu may be detrimental to the 
symplast and ultimately cause cell death. Conversely, severe damage to 
the symplast feeds back to the apoplast. Such severe stress situations are 
particularly suitable to demonstrate the responsiveness of the leaf 
apoplast. Abiotic stressors such as atmospheric ozone and sulfur diox- 
ide, deficiency or excess of nutrients, toxic concentrations of heavy 
metals or biotic stressors alter apoplasmic functions. Responses are in- 
duced in the apoplast either as direct toxic effect of the stressor or re- 
flecting adaptation to the stress. Investigations on the impact of patho- 
gens on the apoplast, mainly on cell wall properties, have a long standing 
tradition in phytopathology. In contrast, effects of abiotic stressors on 
the leaf apoplast have received increasing attention only recendy, and it 
is time to summarize an at least pardy coincidential selection of our 
knowledge on stress effects in the apoplast. In order to address the 
apoplasmic metabolism under stress, it is important to reveal first what 
is known about the structural and metabolic properties of the leaf 
apoplast in general with only occasional reference to stress effects. In the 
second part of the chapter, abiotic and biotic stressors will be discussed 
in respect to responses of the apoplast. 



2. Structure and Basic Biochemistry of the Leaf Apoplast 

a) Volumes of the Apoplast and Intercellular Gas Space of Leaves 

Volumes of the apoplast and the air space have been determined in 
leaves of a number of herbaceous and woody plants. The weight increase 
in leaves after complete infiltration with a medium of low viscosity and 
defined density is proportional to the intercellular gas space. Infiltration 
fluids were either aqueous solutions of sorbitol (Mimura et al. 1990; 
Dietz et al. 1992a; Winter et al. 1993, 1994) or silicone oil (Cosgrove and 
Cleland 1983; Luwe 1994; Luwe and Heber 1995). The volume of the 
aqueous phase of the apoplast was estimated using two different meth- 
ods, a dilution and a morphometric approach. For the first technique, 
leaves are infiltrated with aqueous solutions containing solutes towards 
which there is a low permeability of the plasma membrane. Mimura et 
al. (1990) employed phosphate solutions, Speer and Kaiser (1991) radio- 
labelled sorbitol solutions. The solutions infiltrated into the intercellular 
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air space rapidly equilibrate with the aqueous phase of the apoplast. As a 
consequence of this dilution process, the concentration of the solute or 
radiolabel decreases. The degree of dilution is a function of the relative 
volumes of both spaces. Since the volume of the intercellular space was 
determined by the methods described above, the apoplasmic water vol- 
ume can easily be calculated. In an alternative approach, ultrathin cross 
sections of leaves are analyzed micromorphometrically for the relative 
contribution of the various intra- and extracellular compartments to the 
total leaf cross section area. Both light and electron microscopy were 
employed (Dietz et al. 1992a; Winter et al. 1993, 1994). 

A compilation of published data is presented in Table 1. Depending 
on the species, the gas space occupies from 18% to as much as 46% of 
the total leaf volume. Between 5 and 20% of the leaf water is bound to 
the apoplast. The portion of the intercellular gas space relative to the 
whole leaf volume is also responsive to stress. When barley was grown in 
the presence of 400 nM Cd, the weight of the primary leaf decreased by 
57% as compared to the control. Concomitantl|r, the volume of the inter- 
cellular gas space decreased from 266 ± 8 |il g‘‘ fr. wt. to 199± 7 |ol g‘‘ fr. 
wt., i. e., by only 25% (Dietz, unpubl.). Stress-dependent changes in in- 
tercellular gas space and apoplasmic water volume deserve attention. 
Upon rust infection, the apoplast water volume as percentage of tissue 
water content increased from 5.8 to 8.1% (Tetlow and Farrar 1993). 
However, cell wall and air space volumes of pea leaves were not signifi- 
cantly reduced after mildew infection (Aked and Hall 1993). Thus, a 
clear picture of stress effects on apoplasmic volumes is not yet available. 



Table 1. Examples for volumes of intercellular air and apoplasmic water spaces in leaves 
of woody and herbaceous leaves 



Species 


Intercellular gas 

space 

Oilg") 


Apoplast water 

volume 

(Mlg‘) 


Reference 


Carpinus betulus 


200 


150 


Luwe (1994) 


Corylus avelana 


330 


130 


Luwe(1994) 


Fagus sylvatica 


220 


130 


Luwe (1994) 


Hedera helix 


380 


200 


Luwe (1994) 


Hordeum vulgare 


260 


53 


Winter et al. (1993) 


Hordeum vulgare 


300 


80 


Dietz et al. (1992a) 


Pisum sativum 


- 


120 


Speer and Kaiser (1991) 


Spinacia oleracea 


430 


70 


Winter et al. (1994) 


Spinacia oleracea 


450 


110 


Speer and Kaiser (1991) 


Spinacia oleracea 


450 


106 


Luwe (1994) 


Suaeda maritima 


- 


54 


Hajibagheri et al. (1984) 


Vida faba 


870 


110 


Hajibagheri et al. (1984) 
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The molecular composition of the gas space is a function of the compo- 
sition of the external atmosphere, the diffusional limitation posed by the 
stomata and unstirred layers, the solubilization characteristics of com- 
pounds in the aqueous phase of the apoplast and the rate of uptake into 
the cell (Nobel 1983). Since under flux conditions, the stomata restrict 
equilibrium formation between the leaf gas space and the atmosphere, 
the water vapour saturation of the intercellular space is believed to be 
close or equal to 100%. As a consequence, combined diffusion resis- 
tances of stomata plus unstirred layer may be calculated from the tran- 
spiration rate of the leaf and the chemical water gradient from inside 
(100% saturation) to the outside (adjusted or measured percentage of 
water vapour saturation; Farquhar et al. 1981). The diffusion resistance 
for other gases can be calculated from the diffusion resistance to water. 
Gases such as SOj and Oj readily dissolve in an aqueous solution such as 
the apoplast (see Pfanz and Heber 1989 for solubility constants). In this 
case, the intercellular concentration is much lower than the atmospheric 
concentration. In fact, Laisk et al. (1989) have calculated that the ozone 
concentration is close to zero in the leaf gas phase. The chemical gradi- 
ent is maximal from outside to inside and the influx into the leaf exclu- 
sively controlled by the stomatal aperture and the atmospheric concen- 
tration. This rule also applies to SO^ (Laisk et al. 1988a, b). In the pres- 
ence of elevated external concentrations of air pollutants, the leaf 
apoplast is a strong sink. It follows that the apoplast and the plasma 
membrane are an immediate target for damage. 



c) Solute Composition of the Leaf Apoplast 

Single chemical parameters of apoplasmic washing fluids or exudates 
obtained with the pressure chamber or by centrifugation have been de- 
termined in various species under a variety of environmental growth 
conditions. However, a more complete picture of apoplasmic solute 
composition can only be obtained by compiling single data from many 
references. The apoplast is a typical extraplasmic lytic compartment 
which is supported with proteins by the secretory pathway and governed 
by transporters residing in the plasma membrane of the neighbouring 
protoplasts. The pH is usually lower than in the cytoplasm and ranges 
from about 5 to 7. Table 2 summarizes data for various species as meas- 
ured with different experimental approaches. Stress and growth sub- 
stances alter the apoplasmic pH which has impact on proton-dependent 
transport processes, although the plasma membrane potential may rep- 
resent the stronger driving force for electrogenic transport. In tracer dye 
experiments, the apoplasmic fluorescence tracer sulphorhodamine 
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Table 2. Examples of apoplasmic pH values of leaves from various species and some 
stress effects on apoplasmic pH. Abbreviations: acidif.: acidification; alkalinizati: infilt.: 
vacuum infiltration of intercelluar gas space 



Species 


pH Value 


Method 


Stress/ 
other effects 


Reference 


Beta vulgaris 


6.0±0.3 


Fluorescence 


_ 


Pfanz and Dietz 






(infilt.) 




(1987) 


Gossypium 


67-7.5 


Pressure 


Drought: alkal. 


Hartung et al. 


hirsutum 




chamber 




(1988) 


Helianthus 


5.8-S.9 


Centrifugation 


Nitrate-grown 


Dannel et al. 


annuus 


6.8-7.4 




Ammonium- 

grown 


(1995) 


Hordeum 


6.3±0.3 


Infiltration/ 


Rust-infection: 


Tetlow and 


distichum 




centrifugation 


alkal. 


Farrar (1993) 


Rumex lunaria 


5.610.2 


Fluorescence 


- 


Pfanz and Dietz 






(infilt.) 




(1987) 


Spinacia 


6.410.3 


Fluorescence 


- 


Pfanz and Dietz 


oleracea 




(infilt.) 




(1987) 


Vicia faba 


4.5 


Microelectrode 


Gibberellic acid: 


Aloni et al. 






on peeled 
surface 


alkal. 


(1988) 


Vicia faba 


5.2-5.9 


Fluorescence/FITC 


Light: inital alkal. 


Muhling et al. 






dextran (infilt.) 


followed by acidif. 


(1995) 


Taxus baccata 


5.310.3 


Fluorescence 


- 


Pfanz and Dietz 






(infilt.) 




(1987) 



specifically penetrated the paraveinal mesophyll and bundle cells of soy- 
bean leaves, suggesting strong acidification of the apoplast to values 
below pH 4 at these locations (Canny 1987). The review by Grignon and 
Sentenac (1991) also deals with ionic conditions of the apoplast; how- 
ever, without restriction to leaf data. 

The apoplast contains ions and metabolites usually at low concentra- 
tions. When sunflower leaves were clamped into a pressure chamber, the 
isolated apoplasmic/xylem sap had an osmotic value of about 20 mosmol 
r' (Jachetta et al. 1986), which is low. In contrast, after extraction of in- 
tercellular washing fluid, cations and anions amounted to 30-40 mM 
when extracted amounts are related to the size of the apoplasmic water 
space (Speer and Kaiser 1991). In addition, neutral metabolites add up 
to 5-10 mM (Lohaus et al. 1995). The predominant inorganic cations 
and anions in the leaf apoplast are Ca^^, Mg^"^, Cl ', NOj' and H^PO/. 
The apoplast of plant tissues has been proposed to function as ion reser- 
voir buffering the cytoplasmic ion pools which are under homeostatic 
control (Freudling et al. 1988; Mimura et al. 1992). Saline growth condi- 
tions usually cause Na^ to accumulate in the apoplast. Other solutes such 
as sugars, amino acids, ascorbic acid and dehydroascorbate, phenolic 
compounds and organic acids are also detected in low but significant 
amounts. Contents of phenolic compounds change upon stress and are 
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important for defense (for review see Nicholson and Hammerschmidt 
1992). The low sugar and assimilate concentrations in leaves contrast the 
apoplasmic solute contents of fruits where high sucrose and glucose 
levels are observed (Pomper and Breen 1995). Table 3 gives concentra- 
tion ranges observed for some solutes. Stress alters apoplasmic solute 
concentrations. From experiments where phloem export was artificially 
blocked or where highly concentrated solutions were fed to the transpi- 
ration stream, we have evidence that apoplasmic contents of solutes 
such as sugars and phosphate are regulated by selective membrane 
events of the neighbouring cells (Ntsika and Delrot 1986; Mimura et al. 
1992). The apoplast contains soluble phenolics at low concentrations 
which may function as precursors for polymerization; they are also dis- 
cussed as inhibitors for microbial activities, as regulators of cell wall 
loosening and as metabolites controlling the redox milieu of the apoplast 
(Strack et al. 1988; Wallace and Fry 1994). 

The physiological role of apoplasmic low molecular weight constitu- 
ents has mainly been studied in context with antioxidative reactions, 
and elicitation and defense, respectively. Recently, regulation of guard 
cell anion channels by apoplasmic malate has been suggested to be in- 
volved in controlling stomata aperture in dependence of intercellular 
COj concentration (Hedrich and Marten 1993; Hedrich et al. 1994). 
Briefly, alterations in intercellular CO^ modify the apoplasmic malate 
concentration. Increased apoplasmic malate triggers activation of guard 
cell anion channel 1 by shifting the voltage gate towards the resting po- 
tential. This in turn induces the events leading to stomatal closure at 
elevated CO^. Regulation of stomatal aperture completely depends on 
apoplasmic signaling since stomata and neighbouring cells are not con- 
nected via symplasmic junctions. Therefore, all solutes (K"^, Cl') and 
regulators (absciscic acid) are transported to the stomata in the apoplast. 

Apoplasmic pools of plant growth regulators such as indoleacetic acid 
and abscisic acid respond to altered growth conditions and stress by 
redistribution or metabolism (Beffa et al. 1990; Hartung and Slovik 1991; 
Slovik and Harting 1992). Changes in apoplasmic pH and - in the case of 
indoleacetic acid - activation of apoplasmic enzymes such as peroxi- 
dases are important factors which affect the activity of plant growth 
regulators. The apoplast takes part in defining the kinetics and duration 
of growth regulator-mediated stress responses. 

The daily turnover of water of a mature mesomorphic leaf may ex- 
ceed its fresh weight by a factor of 50. The water volume which is lost by 
transpiration is replaced by xylem sap. Xylem exudate of glycophytes 
typically contains solutes at concentrations of about 40 mM (Canny and 
McCully 1988b). The entry and spreading of the xylem sap in leaves has 
intensely been studied using tracer dyes and was recently reviewed by 
Canny (1990a). The movement of such dyes in leaves does not necessar- 
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Chloride 4 ± 1 14 ± 6 salt stress Spinacia oleracea Speer and Kaiser (1991) 

6 ± 2 89 ± 67 salt stress Pisum sativum 
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ily relate to the movement of the solvent, i.e., water, as was assumed in 
early work (Hiilsbruch 1944). Therefore, it is important to test the rela- 
tion between tracer and water movement for the proper evaluation of 
results (Canny 1990a). On the basis of the water turnover and solute 
concentrations detected in the xylem, solutes equivalent to 2 osmol T* 
would accumulate in the leaves if no mechanism of solute recycling were 
functional. Solute cycling between shoot and root and different organs 
has been established for all major elements (Jeschke and Pate 1991). 
However, the recycling must be under careful control of regulatory 
mechanisms since ions and growth substances function as essential nu- 
trients and signals for development. Therefore, the solutes must first 
spread in the leaves and may only secondarily be recycled by export in 
the phloem in dependence of the selective demand. The spreading of 
solutes may either proceed via an apoplasmic or a symplastic pathway. 
The latter has experimentally been verified for Agave leaves (Smith and 
Nobel 1986). Microscopic analysis of time-dependent distribution of 
tracer dyes allows at least partly to dissect the pathways. The observation 
was that solutes accumulate at extreme tips and margins of leaves. A 
solvent movement carries solutes to the exposed locations of the tissue. 
The solvent flux results in local accumulation despite a more or less 
similar rate of evaporation from all over the leaf surface (Canny 1990a). 
This is a general observation and applies to all soluble and mobile sol- 
utes. It is important for plants grown in the presence of elevated salt 
concentrations (see below) or plants exposed to xenobiotic chemical 
(Edgington and Peterson 1977). The accumulation at tips and margins is 
a long-term phenomenon. In the short term, solutes arriving in the tran- 
spiration stream accumulate at locations where water separates from the 
solutes by membrane filtration and at vein endings. Depending on the 
plant species, the zone of water/solute separation is close to the bundles 
and defined by sheath cells with specific cell wall structures. In wheat 
leaves, a mestome and a parenchyme cell sheath surround the veins. 
Suberized lammelae contribute to the impermeability of the mestome 
sheath. Dye movement was observed only in certain layers of the cell 
wall termed nanopaths (Canny and McCully 1988a). The dye and cer- 
tainly other solutes left the lateral bundles where the transverse veins 
puncture the mestome sheath. From these leaks the solutes spread in the 
apoplast. However, it is immediately obvious that the leaks do not sig- 
nificantly contribute to the water flux pathway into the leaf. Uptake of 
solutes occurs by specialized cells and tissues such as the extended bun- 
dle sheath system in legumes and transfusion tissue in pine needles. 
These scavenging cells initiate the symplasmic transport of solutes from 
the apoplast. A proton motive force dependent uptake is likely to occur 
from the nanopaths. Epithems of leaf teeths and active hydathodes, cells 
at the basis of certain hairs and transfusion tissue selectively remove 
solutes from the apoplast. Canny (1990a) pointed out that the transpira- 
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tion stream leaving the xylem enters the symplast in immediate distance 
to the xylem vessels. This is important to physically separate the incom- 
ing transpiration stream from the export pathway of assimilates in the 
pUoem. 



d) Apoplasmic Proteins 

Excretion of apoplast proteins may in part be a remnant of phagocytic 
ancestors, an unavoidable consequence of plasma membrane enlarge- 
ment by vesicle fusion, i.e. exocytosis, a requirement to realize secon- 
dary modifications of the cell fabric or a mechanism to respond to ex- 
ternal conditions. 

Rapid appearance of newly synthesized leaf protein in the apoplast 
depends on efficient membrane cycling by exo- and endocytosis. The 
composition of the apoplast is under tight control of the protoplast. To- 
tal protein of the apoplast consists of a readily soluble fraction, an ioni- 
cally and a covalently bound fraction (Fry 1991). Therefore, it is difficult 
to reliably measure total apoplast protein contents. Primary cell walls 




O 
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Fig. 2. Stress effects on the contents of extractable apoplasmic proteins of barley primary 
leaves. Seedlings were either maintained on l/4th Hoagland (control), on l/4th Hoagland 
solution supplemented with 100 mM NaCl or 100 NiCl^. Drought stress was applied 
by four drying cycles. Each cycle was initiated by removal of the hydroponic medium 
from the roots for 10 h. The hydroponic medium was added back for 14 h. The plants 
wilted during each drought treatment and recovered in the second phase. Apoplasmic 
proteins were extracted after the fourth period of recovery. Cytochalasin B was fed to 
transpiring leaves at a concentration of lOpM for 24 h prior to the extraction of 
apoplasmic proteins. Please note the different scaling of the y-axis for the left and right 
part of the figure. (Ramanjulu, Blinda, Dietz, unpubl.) 
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contain about 10% protein (McNeil et al. 1984). Simple extraction pro- 
cedures allow only estimation of the soluble and partly the ionically 
bound fraction. Despite this limitation, important information on stress 
effects have been gained using this approach. Wilting, saline growth 
conditions, heavy metals, cold stress, air pollutants, pathogens and other 
stressors have been shown to alter the protein composition of the 
apoplast qualitatively and quantitatively. Figure 2 compares protein 
contents of apoplasmic washing fluids recovered from barly primary 
leaves. Salt and heavy metal stress resulted in an increase in protein 
contents whereas extended wilting periods decreased apoplasmic pro- 
tein contents similar to 24 h treatments with 10 pM cytochalasin 
(Ramanjulu, Blinda, Brune, Dietz, unpubl.). Increased concentrations of 
apoplasmic proteins have also been observed during cold hardening of 
rye leaves (Marentes et al. 1993), pathogen invasion, ozone- and SO^ 
fumigation, and heavy metal treatment of tobacco (Pfanz et al. 1990; 
Schraudner et al. 1992). 

Table 4 summarizes proteins and enzymes associated with the 
apoplast of leaves. Probably the best-studied structural proteins are the 
extensins. Cell wall peroxidases are the most thoroughly investigated 
apoplasmic enzyme. All kind of stresses affect the apoplasmic protein 
composition qualitatively or quantitatively, or both. This may best be 
illustrated for peroxidases, which have been shown to respond to heavy 
metals, ozone, pathogen invasion and many other stressors (Fuhrer 
1982, Castillo et al. 1984; Greppin et al. 1986; Brune et al. 1994b). 

Denaturing two-dimensional speparations of extractable apoplasmic 
proteins visualize about 60 to 100 major and minor polypeptides in the 
molecular mass range of 10 to 60kDa. The native molecular mass of 
apoplasmic proteins is considerably larger. The sieving properties of 
higher plant cell walls exclude passages of molecules with a Stoke’s ra- 
dius larger than 2.9 nm corresponding to molecular masses of about 40- 
45 kDa (Ewald et al. 1991). Despite the low exclusion limit, apoplasmic 
washing fluids contain native proteins of up to 300 kDa (Rohringer et al. 
1983). The apoplasmic a-mannosidase of barley leaves has a native ap- 
parent molecular mass of 270 kDa (Betz et al. 1992). No explanation is at 
hand to resolve the discrepancy between size of recovered apoplasmic 
proteins and size exclusion of the cell wall fabric. Pore size and molecu- 
lar exclusion of living plant cell walls is controlled by pectins. Degrada- 
tion of pectins allows permeation of larger molecules (Baron-Epel et al. 
1988). Interestingly, pathogens frequently release pectolyases as first set 
of lytic enzymes. Enlargement of pore size may then facilitate further 
invasion of the pathogen. 

In fungi, estimated porosity of the wall allows the diffusion of mole- 
cules up to 20 kDa (Cope 1980; Money 1990). However, similar to higher 
plants, excreted proteins are as large as 300 kDa. Two hypotheses were 




Table 4. Examples of proteins detected in the apoplast of leaves 
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Osmotin Variable size (25-50 kDa), antifungal Drought- and salt-induced Singh et al. (1987); Zhu et al. 

role; osmotic adjustment (?) (1995) 




Peroxidase Cross-linking of wall constituents, Increased activity under all kind of Greppin et al. (1986); Gram- 

degradation of indole acetic acid, oxi- stress regimes (see text) bow (1986); Pfanz et al. 

dation of sulfite, lignification (1992); Polle et al. (1994) 
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suggested to account for the discrepancy between the size of polypep- 
tides detected in the apoplast and the size exclusion of the fungal wall. 
On the one hand, a small number of large pores was postulated to allow 
for the diffusion of voluminous proteins (Chang and Trevithick 1974). 
On the other hand, bulk flow of proteins during apical assembly of the 
hyphal wall offers an alternative explanation (Wessels 1993). Proteins 
contained in exocytotic vesicles which fuse with the plasma membrane 
in a more anterior position will flow through the wall to an outer posi- 
tion. The outer layers of the wall are stretched during apical cell expan- 
sion and transform to a rather open texture which allows large proteins 
to diffuse to the surrounding medium. 



e) Cell Wall Structure 

The structure of the primary cell wall has been reviewed and will not be 
discussed in any detail in this chapter; reference is made to Lauchli 
(1976), McNeil et al. (1984), Taiz (1984), Fry (1986) and Bade et al. 
(1988). Basically, layers of cellulosic microfibrils which have no ion 
binding capacity form a lattice which is modified and stiffened by em- 
bedding, coating and cross-linking with matrix substances such as hemi- 
celluloses, pectins and glycoproteins. Primary walls also contain pheno- 
lic components which influence the susceptibility to digestion (Wallace 
and Fry 1994). Pectins have a high cation binding capacity mainly due to 
high contents of galacturonic acid residues (Liittge and Higinbotham 
1979; Grignon and Sentenac 1991). The structure of the cell wall is also a 
target for stress responses. Increased expression of extensins or elevated 
activities of peroxidases in concert with secretion of phenolic com- 
pounds and production of increase cross-linking and stiffness of 
the wall, and thereby decrease susceptibility to enzymatic digestion by 
invading microorganisms (Wallace and Fry 1994). On the oflier hand, 
ascorbic acid may be involved in decreasing peroxidative cross-linking 
of phenolics (Takahama and Oniki 1992). Obviously, the plant has a 
large number of interrelated biochemical mechanisms to control cell 
wall structure in response to external stimuli such as stress. 

In the following, specific stress factors which either affect apoplasmic 
reactions or induce general or specific changes in apoplasmic properties 
will be discussed in more detail. 
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a) Oxidative Stress and Air Pollutants 
a) Ozone 

Tropospheric ozone concentrations have steadily increased during the 
past 40 to 50 years. Elevated ozone concentrations inhibit plant growth 
and are assumed to cause a significant reduction in world food produc- 
tion, both presently and in the future (Chameides et al. 1994). Ozone is a 
strong oxidant. The cuticle is the first structure of plant shoots which is 
exposed to atmospheric ozone. Elevated ozone concentrations result in 
premature weathering of the cuticle (Huttunen 1994). The repellent 
properties of the cuticle are decreased. As a consequence, one observes 
leaching of ions and metabolites from the tissue to the exterior and in- 
creased susceptibility to infection and penetration of pollutants. On the 
other hand, ozone diffuses through the stomatal pores into the intercel- 
lular space of the leaves. It is readily dissolved in the apoplasmic water 
phase. Hydroxylradicals and other highly reactive products are formed 
(Grimes et al. 1983; Elstner 1990). Based on diffusion and reaction con- 
stants, ozone concentrations in the intercellular air space of leaves were 
calculated to be close to zero (Laisk et al. 1989). Therefore, ozone im- 
mediately affects apoplasmic and cellular processes after its entry in the 
leaves and the only efficient mechanism for decreasing the ozone burden 
is stomatal closure. 

The visible symptom of toxic ozone concentrations is premature yel- 
lowing of the leaves (Guderian et al. 1985; Lucas et al. 1993). Chlorosis 
typically develops in a spotted pattern defined by intercostal fields in 
heterobaric leaves and in ring formation in needles. Light enhances the 
development of the chlorosis. Visible damage is correlated with in- 
creased permeability of the plasma membrane for ions and other solutes. 
This suggests that ozone damage is mechanistically related to an inter- 
action of ozone with the plasma membrane. Ozone damage may be de- 
creased by mechanisms which prevent ozone from reaching the plasma 
membrane. Ozone readily oxidizes many chemical compounds. If the 
reaction constants are high, these compounds may function as scaven- 
gers. The products of the scavenging reaction may be hazardous or safe 
for the plants depending on their activity. The apoplast contains a num- 
ber of compounds known to be involved in the defense of oxidative 
stress. Ascorbic acid, phenol substances, glutathione and polyamines 
have been extracted from the apoplast of various leaves or were detected 
in cell culture solutions (Fry 1979; Langebartels et al. 1990; PoUe et al. 
1990; Takahama et al. 1992; Luwe and Heber 1995). 

Fumigation of spinach leaves with a high concentration of ozone 
(640 pg m'^) resulted in a rapid depletion of the apoplasmic ascorbic 
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acid pool. Concentrations of ascorbic acid dropped from about 420 pM 
to 50 |XM within 6 h of the treatment (Luwe et al. 1993). The oxidized 
products of ascorbate, i.e. mono- and didehydroascorbate, accumulated 
concomitantly in the apoplast. Initially, the sum of ascorbate + oxidized 
forms remained constant. Interestingly, the sum increased during long 
term experiments, indicating net efflux of ascorbate from the symplast 
to the apoplast. The symplastic redox state of the ascorbate system 
stayed constant throughout the extended fumigation of the leaves with 
the high ozone concentration. However, within the 24-h treatment, the 
glutathione pool of the leaf turned from a highly reduced state of 
84% GSH to a highly oxidized state (89% GSSG). Apoplasmic ascorbate 
functions as an efficient scavenger under oxidative stress. Stochiometric 
comparison of ozone influx and ascorbate oxidation shows, however, 
that apoplasmic ascorbate only detoxifies a fraction of the ozone enter- 
ing the leaf under the artificially high ozone exposure. In a study with 
more realistic ozone concentrations (Luwe and Heber 1995), the role of 
apoplasmic ascorbate in detoxifying ozone was partly confirmed for 
spinach, broad bean and beech. Nevertheless, leaves developed symp- 
toms of ozone damage during a 4 to 6 week exposure to 200-300 pg 
Oj m’’ without significant changes in the redox state of the apoplasmic 
ascorbate system. Therefore, the authors conclude that ascorbate is not 
capable to completely protect leaf tissue from ozone damage. As pointed 
out above, a possible explanation may be derived from microheteroge- 
neity of the leaf apoplast. Ozone diffuses through stomatal pores into the 
intercellular gas space of the leaves and dissolves first in the apoplast of 
the substomatal cavity. Infiltration experiments allow only the determi- 
nation of an average ascorbate content. It is likely that ozone reacts pri- 
marily with ascorbate in close vicinity to the substomatal cavity. A local 
depletion of the apoplast from scavenger molecules will not be detected 
using infiltration techniques, but may nevertheless result in cell and 
tissue damage. 



P) Redox Control of the Apoplasmic Ascorbate System 

Whole-leaf ascorbate levels are higher in woody perennial species than 
in herbaceous plants. Ascorbate levels are low in the leaf apoplast after 
budding and increase during the season (Luwe 1994). The data obtained 
from short-term experiments, as outlined in the previous section and the 
observations of plants in their natural habitat, show that oxidative stress 
causes the apoplasmic level of ascorbate plus dehydroascorbate to rise. 
Additionally, apoplasmic dehydroascorbate is reduced constantly under 
oxidative stress if the oxidative burden is below a critical threshold. 
Three mechanisms have been suggested to allow for transfer of reducing 
power from the protoplast to the apoplast (Fig. 3). 
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Fig. 3A-C. Suggested mechanisms involved in the maintenance of a reduced ascorbic 
acid system in the leaf apoplast. The first mechanism is unlikely to occur, since there is 
no evidence for the existence of enzymatic activities required for reduction of dehy- 
droascorbate 



Malate oxidation in the apoplast. Malate dehydrogenase activity has 
been identified in cell wall preparation (Gross 1977) and apoplasmic 
extracts (Rohringer et al. 1983; Li et al. 1989; Lohaus et al. 1995). Malic 
acid occurs in the apoplast at millimolar concentrations. Therefore, 
malate could represent an electron donor to NAD. However, neither 
NAD nor glutathione reductase or dehydroascorbate reductase activity 
have been reported to be associated with the apoplast. Additionally, the 
occurrence of malate dehydrogenase in the leaf apoplast and its signifi- 
cance for plant metabolism remains controversal, since the malate de- 
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hydrogenase activity may reflect the level of contamination of the iso- 
lated apoplasmic fractions with cytoplasmic constitutents (Rohringer et 
al. 1983; Lohaus et al. 1995). Therefore at present, enzymatic reduction 
of dehydroascorbate in the apoplast must be considered unlikely to oc- 
cur in the leaf apoplast. 

Ascorbate exchange. The apoplasmic ascorbate system may be kept in a 
reduced state by efficient exchange of apoplasmic dehydroascorbate for 
symplasmic ascorbic acid across Ae plasma membrane. This mechanism 
directly couples the redox state of Ae apoplasmic ascorbate system to 
that of the symplast. Indeed, ascorbate and dehydroascorbate are trans- 
ported across the plasma membrane of isolated barley mesophyll pro- 
toplasts (Rautenkranz et al. 1994). Interestingly, the rate of uptake is 
about two times faster for dehydroascorbic acid (about 2 nmol 10'^ pro- 
toplasts min ') than for ascorbic acid. Thus, transporters are present in 
the plasma membrane of leaf cells which catalyze the uptake of dehy- 
droascorbate from the apoplast and may also release ascorbic acid back 
to the apoplast. It remains open, how the apoplasmic ascorbate concen- 
tration is adjusted which is low in young leaves and increases during 
ageing and upon oxidative stress. 

Ascorbate regeneration by plasma membrane electron transport. Right- 
side-out plasma membrane vesicles contain a cytochrome b which rap- 
idly becomes oxidized upon external addition of ascorbate free radicals 
(Asard et al. 1992; Horemans et al. 1994). Reduction of oxidized plasma 
membrane cytochrome b was observed only in the presence of ascorbic 
acid on the inside of the vesicles. The measurements suggest that 
apoplasmic ascorbate radicals can function as electron acceptor in 
transmembrane electron transport involving a b-type cytochrome which, 
in turn, is reduced by cytoplasmic ascorbate (Asard et al. 1995). 

These regenerating processes maintain the apoplasmic ascorbate 
system in a rather reduced state even in the presence of low ozone con- 
centrations. Despite the high reaction constant of ozone with ascorbate, 
only part of the ozone entering the leaves is detoxified by ascorbate in 
the apoplast. Other radical scavengers such as polyamines are required 
to metabolize the ozone in order to avoid damage to the plasma mem- 
brane and the symplast of the leaves (Langebartels et al. 1990). Exposure 
of tobacco to ozone induces also general defense-related apoplasmic 
proteins such as chitinase and p-l,3-glucanase (Schraudner et al. 1992). 

There is an interesting interaction between Zn supply and ozone 
sensitivity. In bean plants grown at deficiency-inducing 10 nM ZnSO^, 
ozone toxicity was strongly enhanced (Wenzel and Mehlhorn 1995). The 
authors conclude that Cu/Zn superoxide dismutases are important in 
plant resistance to ozone. This conclusion was also drawn from work 
with transgenic plants overexpressing superoxide dismutase (Sen Gupta 
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et al. 1993; Van Camp et al. 1994). Recently, Streller and Wingsle (1994) 
have identified an apoplasmic Cu/Zn-superoxide dismutase in pine 
needles. The question arises whether also in leaves of other species ex- 
traprotoplasmic superoxide dismutases detoxify superoxide anions 
formed during oxidative stress. 



Y) Sulfur Dioxide 

SOj is a toxic atmospheric pollutant. Following its uptake into the inter- 
cellular gas space and its hydration in the aqueous apoplast, the reactive 
sulfite must be rapidly oxidized or reduced in order to prevent damage 
to cellular constituents. Apoplasmic peroxidases have been shown to 
oxidize sulfite to sulfate in the presence of (Pfanz et al. 1990, 1992). 
Peroxidative sulfite oxidation initiates a radical chain reaction which is 
terminated by ascorbate as radical scavenger. In the absence of ascor- 
bate, the radical chain reaction facilitated fast additional sidfite oxida- 
tion (Takahama et al. 1992). The latter mechanism of sulfite oxidation is 
unlikely to occur in vivo, since apoplasmic ascorbate concentrations are 
in the millimolar range. The apoplasmic capacity for peroxidative sulfite 
oxidation is determined by the production of HPj and by the competi- 
tion of the peroxidase for alternative substances such as phenolics. If 
sulfite oxidation occurs, the product sulfate is taken up into the cells 
(Pfanz et al. 1990) and may either be stored in the vacuole or may be 
reduced to sulfide which is then incorporated into amino acids. In addi- 
tion to the requirement to detoxify 1 mol of sulfite per mol SO^, 2 mol of 
protons are liberated and need to be neutralized. Depending on the rate 
of SOj influx, apoplasmic acidification can be countered by the normal 
mechanisms of cellular and whole plant pH regulation. 



b) Nutrient Status 

Effects of nutrient supply on the leaf apoplast have been studied in a few 
papers only. Phosphorous deficiency resulted in apoplasmic sugar ac- 
cumulation in wheat primary leaves. Interestingly phosphorous defi- 
ciency did not affect total leaf content of non-structural carbohydrates 
and sucrose or the sucrose to starch ratio (Zulu et al. 1991). The mecha- 
nism by which phosphate shortage specifically alters the apoplasmic 
sugar content is unknown. Mimura et al. (1992) has shown that the 
phosphate concentration of the leaf apoplast is regulated by homeostatic 
mechanisms. The apoplasmic phosphate concentration was only little 
lowered under phosphate deficiency. It transiently decreased when tran- 
spiring cut leaves were placed into pure water, but returned to the initial 
value after about 1 h. The authors suggest that phosphate is released 
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from the symplast to maintain the apoplasmic phosphate at a constant 
level. This level was also maintained when a 10-mM phosphate solution 
was fed to cut leaves. Apparently, plasma membrane transporters effi- 
ciently remove phosphate from the apoplast. However, the transporters 
could not keep pace with the phosphate supply when a solution contain- 
ing 40 mM phosphate was fed to the leaves. Then the apoplasmic phos- 
phate increased steadily to values above 30 mM (Mimura 1995). It is 
important to distinguish between extractable and total apoplasmic ion 
contents, particularly when considering cations. Ion compartmentation 
in leaves has been investigated in barley in dependence of nutrient sup- 
ply (Dietz et al. 1992b; Dietz and Hartung 1996). Upon a step increase in 
ion supply in the hydroponic medium, the changes in ion concentrations 
were larger in apoplasmic extracts than in the cytoplasm. In contrast to 
phosphate, the apoplasmic concentrations of other ions may not be un- 
der tight control of the cytoplasm. 

The apoplasmic phosphate concentration was a sensitive indicator for 
membrane solute leakage from the symplast to the apoplast under 
conditions of salt toxicity. Four days after addition of 50 mM NaCl to 
salt-sensitive ammonium-grown pea, phosphate accumulated in the leaf 
apoplast at the margins to levels far above 10 mM. At that time, the 
plants started to develop visible symptoms of toxicity such as wilting of 
marginal leaf areas followed by development of necrosis (Speer and Kai- 
ser 1994). 

Apoplasmic two-dimensional protein patterns of barley leaves were 
little changed when seedlings were grown on nitrogen or phosphate- 
deficient hydroponic media (Brune and Dietz, unpubl.). 



c) Heavy Metal Toxicity 

Elevated levels of metal ions such as Cd, Ni, Zn and Al in the rooting 
medium affect root growth and plant development (Foy et al. 1978; 
Woolhouse 1983, Macnair 1993). At elevated concentrations, heavy 
metals accumulate not only in the roots but also in the shoot, and toxic- 
ity symptoms develop in the leaves (Brune and Dietz 1995). Detailed 
compartment analysis was performed with barley seedlings (Brune et al. 
1994a). Only a fraction of the whole leaf contents of heavy metals was 
detected in the mesophyll or epidermis cells. A considerable portion of 
the metal ions was associated with the leaf apoplast (Brune et al. 1995). 
When comparing the effects of Cd, Mo, Ni and Zn on barley seedlings, 
the toxicity was partly related to cytoplasmic accumulation, i.e. with an 
inability to export the metals to the vacuole and apoplast. The order of 
toxicity was Ni > Cd > Zn. Ni leaves developed necrosis whereas Cd- 
exposed plants had smaller but fully functional dark green leaves. The 
smaller size of the Cd-leaves was due to both a decreased elongation and 
a decreased total number of epidermis cells. At elevated concentrations. 
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heavy metals accumulating in the apoplast may displace Ca from fixed 
anionic charges of the cell wall which are important in ionic cross- 
linking of cell wall structures and partly control their extensibility. Such 
a mechanism of heavy metal-dependent decrease in cell wall extensibil- 
ity has been proposed to explain the inhibitory effect of Al on root elon- 
gation. Loosening of cell walls and thereby elongation of cells may be 
inhibited when the walls contain large amounts of heaAry metals (Rengel 
1992; Horst 1995). Root growth is more sensitive to heavy metal stress 
than leaf development. Therefore, binding characteristics of cell walls 
have been investigated particularly in roots. Wang et al. (1992) com- 
pared a Mn-tolerant and Mn-sensitive tobacco cultivar. Cell walls of the 
sensitive genotype showed a stronger interaction with Mn than walls 
from the tolerant genotype. The authors conclude that surface chemical 
properties of cell walls may be important for metal tolerance. 

Heavy metals alter the apoplasmic protein composition of leaves 
(Fuhrer 1982; Brune et al. 1994a, b). Guajacol-dimerizing peroxidase 
activity of apoplasmic extracts increased severalfold in Zn-, Ni- or Cd- 
stressed barley. The two-dimensional pattern of apoplasmic polypetides 
showed an enhancement of expression in the molecular mass range of 15 
to 30kDa. The labelling kinetics of apoplasmic proteins with ’’S- 
methionine was different for control leaves and Ni-exposed leaves (Fig. 
4). In the controls, labelling reached its maximum within 2 h. In Ni- 
stressed leaves, the rate of incorporation was faster and continued for at 
least 4 h. In fact a slight increase was still observed until the end of the 




incubation time [h] 

Fig. 4. Time-dependent synthesis of apoplasmic proteins in barley leaves. ”S methionine 
was fed to the cut surface of barley leaves via the transpiration stream. Apoplasmic pro- 
teins were prepared by infiltration followed by centrifugation of the infiltrated leaves at 
the time points as indicated. Incorporation of ^^S-methionine into proteins was deter- 
mined by trichloroacetic acid precipitation on filter paper and scintillation counting. 
Incorporation is expressed in % of total synthesis. (Blinda and Dietz, unpubl.) 
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experiment after 10 h. The final degree of labelling of apoplasmic 
polypeptides was three times higher on Ni-exposure. Both the increased 
protein contents of the apoplast and the faster and higher labelling may 
be explained by either (1) altered cell wall structure which results in im- 
proved extraction of apoplasmic proteins, (2) increased rate of synthesis 
and excretion of apoplasmic proteins or (3) drastically decreased rate of 
degradation. These hypotheses need to be tested. 

Lipid transfer proteins are small polypeptides of about 9 kDa; they are 
synthesized with a typical signal peptide and have been detected in cell 
walls of various tissues (Sterk et al. 1991; Molina and Garcia Olmedo 
1993; Pyee and Kolattukudy 1995). A role of lipid transfer proteins in 
cuticle assembly has been suggested based on their cell wall location 
(Sterk et al. 1991). They are induced by pathogens, abscisic acid and salt 
stress. Interestingly, the RNA level of lipid transfer proteins increased 
2.5-fold upon challenging barley seedlings with cadmium. Concomi- 
tantly, the cuticular wax layer increased on a leaf area basis by 50% (Fig. 
5) and the abscisic acid contents by a factor of about 2. This correlation 
may add some weight to the hypothesis that lipid transfer proteins in 
plants are involved in cuticle assembly. Convincing evidence pro or 
contra a role of lipid transfer proteins in cuticle assembly will be ob- 
tained from studies with mutants and from in vitro work with purified 
or heterologously expressed plant lipid transfer proteins which may al- 
low identification of the transported lipophilic substrates. 
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Fig. 5. Correlation between abscisic acid contents, expression level of lipid transfer pro- 
teins and wax coverage of barley primary leaves in dependence of the Cd concentration 
in the rooting medium; the columns {from left to right) of each group correspond to 0, 50, 
100 and 200 pM CdCl^ in the hydroponic medium (Hollenbach, Schreiber, Hartung, 
Dietz, unpubl.). ABA was determined in leaf extracts using an immunological (ELISA-) 
approach, mRNA levels of Itp were quantified by Northern blotting followed by scintilla- 
tion counting of identical nylon-membrane areas, wax coverage was measured after 
chloroform extraction of the leaves and chromatographic analysis of the wax compo- 
nents 
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Elevated concentrations of salts in the rooting medium result in an ac- 
cumulation of salts in the shoot of non-salt-excluding plants. Accumu- 
lating ions alter osmotic and turgor relations, and the biochemical mi- 
lieu of the plant cells. Bressan et al. (1990) investigated and reviewed the 
effect of NaCl on growth of cell cultures of tobacco. Such studies with 
NaCl-adapted cell suspension cultures give important information on 
salt-induced alterations in water relations, cell wall characteristics and 
cell biochemistry; however, extrapolation of the results to tissues such as 
leaves must be done with care. Salt-adapted cells had 50% less cell wall 
polysaccharides, 40% less pectic substances, threefold more insoluble 
protein, a slightly decreased content of ionically bound proteins, and 
released seven times as much protein into the medium as unadapted 
control cells. The alga Nitella has a similar cell wall as higher plants. 
Nitella cell walls bathed in 100 mM NaCl released soluble carbohydrates 
with a degree of polymerization up to 25 monomer units, which con- 
sisted of galacturonic acid by 60%. Concomitantly, the cell wall lost more 
than 50% of its cation exchange capacity (Gillet et al. 1992). Cell wall 
cation exchange capacity may be as high as 600 mM (Liittge and Higin- 
botham 1979). It is not known whether salt stress induces similarly 
drastic changes in the cell wall structure of leaves. 

One major protein induced in tobacco cell culture during salt adapta- 
tion was osmotin (Singh et al. 1987) which was categorized as a member 
of family 5 of pathogenesis-related proteins. Osmotins and osmotin-like 
proteins are found in the vacuole, the cytoplasm and the apoplast. Ex- 
pression is stimulated by abscisic acid, NaCl, wounding, ethylene, viral 
infection and fungal pathogens (cf. Zhu et al. 1995 and references 
therein). A role in osmotic adjustment is concluded without any knowl- 
edge of the mechanism. 

Frequently, wilting and necrotic areas develop in the leaf sheath as 
visible symptoms of salt stress in sensitive species. Oertli suggested in 
1969 that an accumulation of ions in the apoplast could be the mecha- 
nism of salt injury. Recently, Speer and Kaiser (1991, 1994) compared 
the inter- and intracellular ion compartmentation in pea and spinach, 
two species which differ largely in their salt tolerance. Spinach grows 
well in the presence of 300 mM NaCl, whereas pea exhibited necrotic leaf 
areas and strongly inhibited growth rates at concentrations as low as 50 
to 100 mM NaCl. Salt sensitivity was further modulated by the nitrogen 
source. Pea plants were most sensitive to salt in the presence of ammo- 
nium (Speer et al. 1994). In this case, appearance of symptoms of salt 
stress coincided with increased extracellular concentrations of solutes 
(Speer and Kaiser 1994). In salting-up experiments, 50 mM NaCl were 
added to 18-day old seedlings. Apoplasmic solute levels first stayed 
constant showing the large transport and storage capacity of plant tis- 
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sues (Niu et al. 1995); solute levels increased abruptly four days after 
salting up. Extractable apoplasmic chloride concentrations reached val- 
ues between 100 and 120 mM. Interestingly, not only Cl' but also phos- 
phate and other ions increased more than tenfold as compared to un- 
stressed controls. Na"^ concentrations were between 25 and 30 mM. The 
authors conclude that this rather non-specific increase in ions resixlts 
from a liberation of intracellular solutes to the apoplast. Thus, 
apoplasmic ion accumulation seems to be a secondary effect of salt tox- 
icity to the symplast. Pea plants failed to accumulate compatible solutes 
in the cytoplasm. For both pea and spinach apoplasmic ion accumula- 
tion is not the cause of salt damage, but its consequence (Speer and Kai- 
ser (1994). 

Similarly as in cultured cells as described above, salt stress altered the 
protein composition of the leaf apoplast both qualitatively and quanti- 
tatively (Ramanjulu and Dietz, unpubl.). Interestingly the apoplasmic 
protein content already increased in barley leaves when the seedlings 
were grown in the presence of 10 mM NaCl in the hydroponic medium. 
Labelling of de novo-synthesized proteins with ”S-methionine con- 
firmed the strong effect of NaCl treatment on apoplasmic protein com- 
position. The function of the proteins induced or enhanced is not 
known. 



e) Drought and Cold Stress 

Plant growth immediately responds to suboptimal water supply (Hsiao 
1973). The strong effect is not the consequence of decreased turgor 
(Iraki et al. 1989a, h; Gio and Boyer 1992) but seems related to altera- 
tions of physical properties and hence chemical structure of the primary 
cell wall. A number of basic proteins accumulated in bean seedlings 
subjected to drought stress. Two of the induced polypeptides with rela- 
tive molecular masses of 36 and 33 kDa were associated with the cell wall 
fraction (Covarrubias et al. 1995). No induction was seen after applica- 
tion of abscisic acid or jasmonate, or by wounding. The polypeptides 
were mainly located in the cell wall of the hypocotyl. Their function is 
not yet known. It would he interesting to follow the time course of in- 
duction of the polypeptides after a sudden change in plant water status 
for instance after addition of hyperosmotic solutions to the roots. 
Within a few minutes after addition of mannitol solutions of -0.3 Mpa to 
Negonia argento-guttata plants, leaf elongation stopped for 25 to 38 min. 
Subsequently, leaf elongation recovered, which was shown to be the re- 
sult of a change in cell wall yielding properties (Serpa and Matthews 
1992). The molecular basis of the change in cell wall properties is not 
understood. 

Abscisic acid is an important signal for plant adaptation to drought, 
both in the short and long term. Abscisic acid induces stomatal closure 
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and genetic adaptation to drought (Raschke 1979; Bray 1990). Computer 
models show that drought conditions cause pH-dependent redistribu- 
tion of abscisic acid between leaf compartments and an accumulation of 
abscisic acid in the apoplast. The increase in apoplasmic abscisic acid 
concentration in turn triggers the stomatal response (Hartung and 
Slovik 1991; Slovik and Hartung 1992; Daeter and Hartung 1995). 

The lack of functional information on the induced proteins under 
drought contrasts our knowledge on the role of apoplasmic proteins 
during cold hardening. Apoplasmic ice formation is a prerequisite for 
plant survival at subfreezing temperatures. During hardening, polypep- 
tides accumulated in rye leaves which directly affected the freezing proc- 
ess of water (Griffith et al. 1992; Marentes et al. 1993). Apoplast extracts 
of cold-hardened winter rye contained both more ice nucleation activity 
and increased antifreeze activity than extracts from non-hardened 
plants. The authors resolve this apparent contradiction by suggesting 
that the ice nucleation-related proteins induce ice formation and that 
antifreeze proteins slow down the rate of crystal growth. Following ex- 
traction of apoplasmic proteins, hardened leaves developed more 
symptoms of damage after a freeze-thaw cycle. This may be considered a 
weak argument, since infiltration and centrifugation may impose severe 
stress and damage on the leaves. The opposite experiment will provide 
more evidence. Infiltration of isolated apoplasmic cold induced proteins 
from hardened leaves into non-hardened leaves or transgenic expression 
of the proteins should increase the freezing tolerance of non-hardened 
plants. 



f) Xenobiotics 

Plants are frequently exposed to foreign, usually lipophilic chemicals, 
so-called xenobiotics, which inhibit plant growth. Metabolism allows 
detoxification of xenobiotics by consecutive phases of chemical modifi- 
cation, conjugation, degradation and compartmentation. Export into the 
extracellular matrix followed by covalent cross-linking to cell wall poly- 
mers represents one major pathway to ultimately inactivate xenobiotics. 
This explains why part of xenobiotics administered to plants are recov- 
ered in a matrix-bound form and are not freely soluble (Sandermann 
1991). In this context, it is important to note that P-450 mono- 
oxygenases are present in the plasma membrane (Askerlund et al. 1989) 
and may possibly catalyze the modification of xenobiotics and abscisic 
acid (Betz et al. 1993) on the apoplasmic face of the plasma membrane. 
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4. Apoplasmic Responses to Biotic Stress: 

Pathogenesis, Elicitors and Wounding 

Pathogen attack has been intensively studied in a vast number of patho- 
gen-host systems. Profound changes are induced in affected tissues, irre- 
spective of the development of a compatible or an incompatible interac- 
tion, These changes include modifications of the apoplast in respect to 
the metabolic and ionic composition, enzyme activities and cell wall 
structure. It is beyond the scope of this chapter to approach a compre- 
hensive review of pathogenesis related changes and responses in the leaf 
apoplast. Pathogenesis related proteins are frequently induced not only 
by pathogens but also by various other stress factors. For instance the 
structural protein extensin and the enzyme chitinase are induced by 
pathogens, wounding and many chemical stress factors, such as ozone 
(Table 4). 

Natural resistance to disease or attempted infection depend not only 
on constitutively expressed defense mechanisms, but frequently require 
their genetic activation. Synthesis of phytoalexins, wall stiffening and 
secretion of lytic enzymes are part of such an integrated defense 
mechanism of plants. Induction depends on perceiving a proper signal, 
for instance, a pathogen elicitor, followed by signal transduction from 
the plasma membrane to the nucleus (Boiler 1989) and onset of tran- 
scription and translation of defense genes. This reaction cascade may be 
too slow to immediately respond to an invader. However, there are other 
mechanisms which do not rely on gene activation. 

An Example of Rapid Response to Pathogen Invasion. Within 30 min 
of elicitation, cell walls of soybean cells exhibited an increased cross- 
linking of structural proteins which, in turn, rendered the walls less sus- 
ceptible to digestion (Brisson et al. 1994), The reaction was driven by 
and was suppressed in the presence of the reductant dithiothreitol. 
Oxidative cross-linking also occurred in the incompatible but not in the 
compatible interaction between soybean and Pseudomonas syringae pv. 
glycinea. The authors suggest that oxidative protein insolubilization 
strengthens the cell wall as rapid defense response prior to activation of 
gene transcription. The oxidative burst is one of the earliest events dur- 
ing the hypersensitive response. Signals such as Ca^"^, protein phosphory- 
lation and jasmonic acid, which might be involved in mediating the early 
responses including gene activation, have been reviewed recently (Dixon 
et al. 1994). 

An Example of a Metabolic Change in the Apoplast During Patho- 
genesis. Rust infection not only induced specific and general changes in 
apoplast protein composition, but resulted also in a decrease in 
apoplasmic sugar concentration. The decrease was least for fructose 
which decreased from about 1.3 mM to 0.8 mM and was strongest for 
glucose whose apoplasmic concentration fell from 1,4 mM to 0.5 mM 
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(Tetlow and Farrar 1993). In contrast, mildew infection of barley in- 
duced the apoplasmic sugar concentration to increase by a factor of 1.5 
to 6 depending on the phosphate supply to the plants (Zulu et al. 1991). 
In this context, it is interesting that invertase (P-fructosidase) was rec- 
ognized as a pathogenesis-related protein in leaves and roots of carrots 
(Sturm and Chrispeels 1990). The response on mRNA level was fast and 
reached its maximum after 1 h. 

An Example of a Slow Response to Pathogen Attack. Systemic acquired 
resistance (SAR) is a broad physiological immunity of plants against 
further infection that develops following an initial attack by a necrogenic 
pathogen. The resistance is realized at positions of the plant distant to 
the site of inoculation. SAR in tobacco developed within 3 weeks in re- 
sponse to infection with tobacco mosaic virus. A few days are required 
in cucumber and other pathogen/host systems for the development of 
SAR. SAR leads to a broad spectrum of disease resistance against fungal, 
bacterial and viral pathogens. The molecular basis of SAR seems to be 
expression and accumulation of pathogenesis related proteins, particu- 
larly in the cell wall. Chitinases, p-l,3-glucanases, hydroxy-proline-rich 
proteins and peroxidases are present at higher levels following induction 
of SAR than prior to the first infection. They allow for a faster defense 
reaction in response to new invasion by a pathogen (Kessmann et al. 
1994). 

The three examples demonstrate that the apoplast is a major site of 
response and activation of defense mechanisms following pathogen in- 
vasion or wounding. 



5. Outlook 

Stress affects the apoplast, and the apoplast responds to stress. This 
statement is not surprising for phytopathologists and scientists investi- 
gating cell elongation, since they have studied stress-induced alterations 
and responses of the leaf apoplast for a long time. In fact, the two disci- 
plines are pioneering in respect to the knowledge required to under- 
stand the effects and responses of the apoplast under the various other 
stress regimes addressed in this chapter. From this work, some direc- 
tions for future research efforts can be derived: (1) The molecular and 
functional characterization of the proteins induced by the various abi- 
otic stresses needs to be advanced using the whole set of methodology 
available today. Taking advantage of the low complexity of soluble 
apoplasmic proteins, one could envisage, to attribute functions to most 
polypeptide positions in 2D separations of apoplasmic proteins of a 
model plant. This would provide a good basis to directly compare the 
various stress effects on apoplasmic protein composition. Up to now, the 
published, but frequently single, observations on protein amounts and 
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activities, or mRNA levels do not add up to a complete picture on spe- 
cific and general stress effects. (2) Many stress factors seem to alter the 
cell wall composition and structure. However, such information is very 
limited for leaves. (3) Apoplasmic ion and metabolite contents change 
upon application of stress. The consequences of these changes for the 
apoplast and cell physiology are little understood. We need more infor- 
mation on the regulation of the apoplasmic milieu. (4) Stress factors 
may cause damage at specific location of the leaf, for instance, ozone in 
the substomatal cavity and heavy metals in close vicinity to the bundles. 
Conversely, the apoplast is frequently considered as a homgeneous 
compartment in the literature. Therefore, the leaf apoplast needs to be 
investigated in respect to a possible microheterogeneity, particularly 
under stress. (5) Stress-induced changes in biochemical and genetic ac- 
tivity require signal transduction. What are the signals perceived, where 
are the receptors and how are the signals transmitted? For instance, the 
cytosolic Zn content was precisely regulated irrespective of the Zn sup- 
ply to the roots (Brune et al. 1994a). However, the apoplasmic protein 
content changed in quantitative and qualitative terms (Brune et al. 
1994b). Where is the sensor of the Zn status which triggers the genetic 
and/or physiological change? 

In contrast to all intraprotoplastic organelles, the apoplast is, surpris- 
ingly, not generally accepted as cellular compartment (Stafford 1991; 
Staehelin 1991 and following letters to the editor of the plant cell). Al- 
though the discussion has addressed a semantic problem only, it shows 
that we need to develop an integrative view of the processes in the 
apoplast as part of the cell. 
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VI. Secondary Plant Substances. Diterpenes 

By Horst Robert Schiitte 



1. Introduction 

Diterpenes are 20-carbon compounds derived biogenetically from an 
acyclic precursor containing four isoprenoid units linked together in a 
regular (i.e., head-to-tail) manner. All-tra«s-geranylgeranyl pyrophos- 
phate (GGPP; III) is considered to be the general acyclic precursor of 
this class of terpenes (Ruzicka 1953; West 1981). The structure of well 
over 1000 natural diterpenes and diterpenoid substances has been eluci- 
dated, and the pace at which new structures are being described is in- 
creasing (Connolly and Hill 1992; Hanson 1992, 1993, 1994, 1995; Buck- 
ingham 1994). Some acyclic diterpenes are known, but the vast majority 
are carbocyclic compounds containing from one to as many as five 
rings. Many different carbon skeletons are represented among these 
cyclic substances. Diterpenes at many different states of oxidation 
ranging from hydrocarbons to highly oxygenated are known. The clero- 
dane diterpenoids have attached attention because some of them possess 
antifeedant activity which appears to be specific to certain insects 
(Malekov et al. 1994; Rodriguez-Hahn et al. 1994). Also the biological 
and pharmacological effects of cembranoids (Weinheimer et al. 1979; 
Wahlberg and Enzell 1984; Wahlberg and Eklund 1992) and of forskolin 
(Bhat 1993) are important. 

Most of the diterpenes have been isolated from terrestrial higher and 
lower plant species and are believed to be produced there. Diterpenes 
have been found in some cases to serve as defensive secretions (Mein- 
wald et al. 1978) or pheromones (Birch et al. 1972) in insects. The meta- 
bolic origins of the diterpenes are not known with certainty in these lat- 
ter cases; it is possible that they are of dietary origin from plant sources. 
Marine organisms are a richer source of diterpenes than had previously 
been realized (Fenical 1978). These were obtained largely from the more 
tropical seaweeds and coelenterates of the orders Acyonacea (soft corals) 
and Gorgonacea (sea fans; Tursch et al. 1978). 

Some common, representative carbon skeletons encountered among 
the cyclic diterpenes are illustrated in Fig. 1. Many others are known. 



Progress in Botany, Vol. 58 
© Springer-Verlag Berlin Heidelberg 1997 




256 



Physiology 




Cembrane Casbane Lathyrane 

Fig. 1. Carbon skeletons of representative cyclic diterpenes 

One other general observation about the structures of the bicyclic and 
polycyclic diterpenes should be made because of its implication for bio- 
synthetic machanisms. The relative sterochemistry of substituents at the 
A/B ring junction (positions 5 and 10) and at ring carbon 9 is character- 
istically trans-anti, as is the case with triterpenes and sterols. However, 
unlike the situation with triterpenes, both the "normal" and "enantio- 
meric" (enantio- or ent-) absolute stereochemistries are encountered 
among the natural diterpenes. For example, both kaurene (I) and ent- 
kaurene (II; Fig. 2) are known natural products (McGimpsey and Mur- 
phy 1960; Briggs et al. 1963; Cross et al. 1963). The absolute stereochemi- 




Kaurene 



II ent-Kaurene 



Fig. 2. Kaurene and ent-Kaurene 
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cal arrangement that is normal to diterpenes is present in I. Since all 
higher plants are thought to produce ent-kaurene to serve as a precursor 
of the gibberellin growth regulators, and many higher plants are also 
known to produce a variety of bicyclic and polycyclic diterpenes in the 
normal series, it is clear that there are many cases where one organism 
has the capacity to produce cyclic diterpenes in both stereochemical 
groups. 

In this chapter, only some of the different skeletons are discussed. 



2. Abietane 

Abietic acid (VIII) is a major component of the rosin fraction of oleo- 
resin synthesized by grand fir (Abies grandis), lodgepole pine (Pinus 
contorta), and other conifer species as a defense secretion against insect 
and pathogen attack (Norin 1972). 

Many conifer species respond to attack by herbivores and pathogens 
by secreting oleoresin (pitch) at the wound site (Hodges et al. 1979; Gref 
and Ericsson 1985; Johnson and Croteau 1987; Steele et al. 1995). This 
oleoresin, composed of roughly equal quantities of monoterpenes (tur- 
pentine) and diterpenoid resin acids (rosin) (Lewinsohn et al. 1993a), is 
toxic to both beetles and their pathogenic fungal associates (Elliger et al, 
1976; Raffa et al. 1985; Raffa and Berryman 1982a, b). The wood of Pinus 
abies reacts on artificial injuries with an alteration of the terpene frac- 
tion. In sapwood the pinen content increased, whereas the |3-pinen con- 
tent decreased (Schuck 1982a, b). In heartwood the reverse was ob- 
served. After evaporation of the volatile turpentine, the oleoresin forms 
a hardened rosin barrier to seal the injury (Croteau and Johnson 1985; 
Gijzen et al. 1993). Interestingly, many species of bark beetles are spe- 
cifically attracted to the monoterpene compounds emitted from their 
conifer hosts and can utilize components of the host oleoresin in the 
synthesis of pheromones for promoting aggregation. These same volatile 
products may also serve as attractants for beetle predators and parasi- 
toids. 

Consitutive oleoresin is synthesized in the epithelial cells of special- 
ized secretory structures such as stem resin blisters or ducts in which the 
oleoresin is accumulated, whereas induced oleoresin appears to origi- 
nate in nonspecialized cells, adjacent to the site of injury, that are not 
normally associated with such large-scale production of terpenoids 
(Reid et al. 1967; Cheniclet 1987; Lewinsohn et al. 1991a, b; Raffa 1991; 
Yamada 1992). That both constitutive and localized, inducible resin- 
based defense mechanisms seem to have been selected for in this group 
of plants is most unusual. However, the major conifer types, pines 
(Pinus), spruces (Picea), larches (Larix), and true firs (Abies), differ 
considerably in their apparent reliance on constitutive or induced resin 
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defenses. Oleoresinosis in species of pines, which accumulate large 
quantities of stored oleoresin in extensive duct systems, is not highly 
elevated in response to injury, whereas in true firs, which accum^ate 
relatively little consitutive material in resin blisters, the rate of oleoresin 
production increases manifold upon challenge. In both constitutive and 
induced defenses, the monoterpenes and diterpenes are formed coinci- 
dentally in the same locale, consistent with the requirement for an or- 
ganic solvent (turpentine) in which the water-insoluble diterpene resin 
acids can be dissolved and translocated. 

Formation of oleoresin monoterpenes in this, and related, conifer 
species is catalyzed by a series of synthases (cyclases) that transform the 
common C-10 isoprenoid precursor geranyl pyrophosphate to olefins of 
the various skeletal types (Paine et al. 1987, Gijzen et al. 1991, 1993; 
Lewinsohn et al. 1992b). The increase in monoterpene biosynthesis after 
wounding of grand fir stem is the result of the apparent enhancement of 
constitutive activities (principally limonene synthase) and the appear- 
ance of distinct, inducible activities (including 3-carene, P-phellandrene, 
and a- and p-pinene synthase). The enzymes responsible for constitu- 
tive turpentine production are very similar in general properties to the 
inducible forms; however, these gymnosperm monoterpene cyclases are 
distinguishable in several characteristics (pH optimum, metal ion re- 
quirement) from their angiosperm counterparts, which they neverthe- 
less resemble in mechanism of action (Croteau 1987; Savage et al. 1994). 

The principal wound-inducible monoterpene cyclase of grand fir stem 
produces both (-)-a-pinene and (-)-P-pinene, in a fixed 2:3 ratio, from 
geranyl pyrophosphate via a common cationic intermediate (Gijzen et 
al. 1992; Lewisohn et al. 1992a). This most unusual catalytic feature of 
multiple product formation is, in fact, fairly common among the 
monoterpene cyclases. The biosynthetic origin of (-)-a-pinen and (-)-P- 
pinen is shown by alternative deprotonations of a common enzymic 
intermediate (Croteau et al. 1987b; Wagschal et al. 1991, 1994). This 
62-kDa monomeric enzyme has been used to raise polyclonal antibodies 
in rabbits. Western immunoblot analysis with anti-pinene synthase 
granuloma antiserum indicated strong cross-reacitvity with all of the 
monoterpene cyclases from grand fir but no detectable recognition of 
any cyclase from pine, spruce, or other conifers genera. Thus, this 
pinene synthase is more closely related to other cyclases of fir (that 
synthesize different monoterpene skeletal types) than it is to the pinene 
synthase from related conifer species. 

The principal resin acid of grand fir, (-)-abietic acid (VIII), has been 
shown to originate by cyclization of the corresponding C-20 isoprenoid 
precursor, geranylgeranyl pyrophosphate (III), to (-)-abieta-7(8),13(14)- 
diene (IV) (LaFever et al. 1994), followed by sequential oxidation of the 
A-ring a-methyl to a carboxyl function (abietic acid VIII) involving two 
distinct microsomal cytochrome P450-dependent hydroxylases (to able- 
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pyrophosphate diene 





VII Abietadienal 



VIII (-)Abietic Acid 



Fig. 3. Proposed pathway for the cyclization of geranylgeranyl pyrophosphate to (-)- 
abieta-7(8),13(14)-diene, and conversion to (-)-abietic acid 



tadienol V and abietadienal VII) and an aldehyde dehydrogenase lo- 
cated in the soluble protein fraction (to abietic acid VIII) (Hendry 1986; 
Donaldson and Luster 1991; Mihaliak et al, 1993; Bolwell et al. 1994; 
Funk and Croteau 1994; Fig. 3). Most other common resin acids repre- 
sent double-bond positional isomers of abietic acid and are thought to 
be formed by variation on the same biogenetic theme involving forma- 
tion of different parent olefins followed by similar oxidation sequence. 
After stem wounding in grand fir, the rate of diterpenopid resin biosyn- 
thesis increases significantly, but the composition of the rosin products 
generated differs little from that produced constitutively (Funk et al. 
1994). 

The first dedicated step of resin acid biosynthesis is catalyzed by abie- 
tadiene synthase. This inducible diterpene cyclase, like the monoterpene 
cyclases of fir, is an operationally soluble enzyme (80 kDa), and it has 
been purified and characterized. In general properties, such as pi value, 
cation requirements, inhibitors, and kinetic constants, abietadiene syn- 
thase resembles other terpenoid cyclases of angiosperm and gymno- 
sperm origin. Although the enzymatic cyclization sequence from geran- 
ylgeranyl pyrophosphate (III) to (-)-abieta7(8),13(14)-diene (IV) almost 
certainly involves the formation of copalyl pyrophosphate and a pima- 
radiene as stable intermediates, no evidence for separation of the corre- 
sponding partial acitivties has been obtained. 

Studies with lodgepole pine {Pinus contorta) saplings and mature 
trees have indicated that defense oleoresin production can be stimulated 
by the application of pectic fragments and chitosan to a wound site 
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(Miller et al. 1986; Croteau et al. 1987a). These results suggest that the 
Pinaceae possess a mechanism for elicitor recognition and induced ter- 
penoid synthesis similar to that of other higher plants, e.g., diterpenoid 
phytoalexin production in castor bean (casbene X). 

A cell culture system obtained from sapling stems of grand fir has 
been developed that is responsive to applied carbohydrate elicitors 
(Lewinsohn et al. 1994b). Cell cultures do offer an experimentally more 
tractable and well-defined system for examining signaling and signal 
transduction in this localized defense response. Monoterpene and diter- 
pene biosynthesis are coordinately induced in wounded fir stems, as 
determined by monitoring the activity of monoterpene and diterpene 
cyclases, as well as the two cytochrome P450-dependent diterpenoid 
hydroxylases involved in the formation of (-)-abietic acid. The acitivity 
of these enzymes reaches maximum levels that are 25- to 500-fold higher 
than those of nonwounded control stems 10 days after wounding, and it 
is followed by a synchronous decline. 

A close correlation between enzyme activity and enzyme protein was 
demonstrated, thus providing strong evidence that monoterpene cy- 
clases are synthesized de novo in response to injury. The increase in 
oleoresin biosynthetic activity is consequently followed by the accumu- 
lation of a viscous mass of resin acids, with less of the volatile monoter- 
penes, at the site of injury. The observed coordinate induction of 
monoterpene olefin and abietic acid biosynthesis, and the results of 
oleoresin analysis, are entirely consistent with role of the volatile 
monoterpenes as a solvent for mobilization and deposition of resin acids 
at the wound site to seal the injury with a rosin barrier after evaporation 
of the turpentine. The last step of resin acid biosynthesis is catalyzed by 
an operationally soluble aldehyde dehydrogenase that is not inducible 
by wounding but seemingly is expressed constitutively at a high level. 

In the search for the wound-signaling cascade, three terpene cyclases, 
(-)-limonene synthase (a monoterpene cyclase from Mentha spicata 
(Colby et al. 1993), epi-aristolochene synthase (a sesquiterpene cyclase 
from Nicotiana tabacom (Facchini and Chappell 1992), and casbene 
synthase (a diterpene cyclase from Ricinus communis (Mau and West 
1994) have been found to be remarkably similar (31-42% identity and 
53-64% similarity by pairwise comparison at the amino acid level), con- 
sidering the different substrates and products and the phylogenetic dis- 
tances involved. The similarity profile of the deduced amino acid se- 
quences indicates that these enzymes contain many islands of iden- 
tity/similarity that could be conserved between angiosperms and gym- 
nosperms, and thus offer sites for consensus-degenerate oligonucleotide 
primer construction. mRNA isolated from wounded grand fir saplings 
and other woody stems of several different gymnosperm species would 
be expected to yield a DNA fragment that could be subsequently verified 
by amplification (Lewinsohn et al. 1994a). Cloning and partial sequenc- 
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ing could confirm the insert(s) as cyclase-like and provide a probe(s) for 
full-length cDNA isolation. 

It has been suggested that conifers become more susceptible to bark 
beetle infestation during flushing (Lorio 1977). When grand fir saplings 
were examined for the ability to respond to stem wounding, as measured 
by alteration in the level of monoterpene cyclase activity, is was shown 
that this defense reponse was attenuated during early flush, less im- 
paired at midflush, and then returned to normal (postflush) levels; inter- 
estingly, even stems of dormant saplings mounted a greater response 
than those of saplings at early flush. Flushing would be expected to rep- 
resent a strong sink for carbon allocation (Dickson and Isebrands 1991), 
which, in this instance, seemingly outcompetes the wound site as a sink 
for photosynthate. As a consequence, the capacity for induced oleoresi- 
nosis is diminished and greater susceptibility to bark beetle infestation 
could be expected. It should be noted that, although flushing negatively 
impacts the ability of the stem to respond to wounding by induction of 
monoterpene cyclases, flushing promotes an increase in constitutive 
cyclization activities, suggesting that trees at this developmental stage 
place a greater priority on establishing their preformed defenses (i.e., the 
formation and filling of resin blisters). 

Conifers in the forest setting often encounter multiple concurrent 
stresses, particularly drought, that increase susceptibility to bark beetle 
attack, at least in part by the impairment of oleoresin production 
(Shrimpton 1972; Wong and Berryman 1977; Wright et al. 1979). The 
influence of stresses can also be interpreted in the context of carbon 
allocation in response to changes in source (needles)-sink (stem, roots) 
relationships (Geiger and Servaites 1991). A simple, direct test of source 
effects on the wound response was provided by light-deprivation ex- 
periments in which it was shown that light deprivation abolished both 
constitutive and wound-inducible monoterpene biosynthesis (Lewin- 
sohn et al. 1993b). On return to normal light conditions, monoterpene 
cyclase activity returned to normal constitutive levels and to near- 
normal wound-inducible levels. Thus, reduction in the supply of carbo- 
hydrate from source tissues attentuated both constitutive oleoresinosis 
and the response to stem wounding. The effects of light on the accumu- 
lation of oleoresin have been observed (Gleizes et al. 1980; Gref and 
Tenow 1987); however, the influence of light deprivation on terpene 
biosynthetic enzymes per se has not. 

Water deficit can also alter source production and sink strength in 
conifers (Puritch 1973; Puritch and MuUick 1975). When wounded and 
nonwounded grand fir saplings were subjected to moderate water deficit, 
the level of constitutive terpene cyclization activity was unaltered. How- 
ever, wound-inducible cyclase activity was reduced to half of the well- 
watered controls. Under severe water deficit, a significant reduction in 
both constitutive and wound-inducible cyclase activity was observed. 
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The levels of cyclase protein were directly correlated with the levels of 
cyclase activity, indicating that the changes in the rate of monoterpene 
biosynthesis were due to changes at the enzyme level. The effects of both 
moderate and severe water deficits are completely reversible after a 2- 
week recuperation period. These results suggest that grand fir under 
moderate water stress is able to adjust source-sink balance to permit 
normal rates of constitutive turpentine biosynthesis in nonwounded 
tissue and near normal induced rates in wounded tissue. Under severe 
water stress, reduction in source activity seemingly results in the signifi- 
cant decrease in constitutive cyclase production and essentially elimi- 
nates the wound response, thus overcoming signaling of sink demand 
involved in normal wound healing. 



3. Tobacco Diterpenes 

The aerial surfaces of most tobaccos and of many higher plants are cov- 
ered with glandular trichomes (Wagner 1991). Glandular trichome exu- 
dates can confer pest-interactive, organoleptic, and temperature- and 
light-regulating properties to plants producing them (Dell and McComb 
1978a; Fahn 1988). Diterpenoids and sugar esters are the principal com- 
ponents of tobacco glandular trichome exudates (Noma et al. 1983). 
With the exception of cis-abienol (IX) the site of major tobacco exudate 
constituent biosynthesis was shown to be the trichome gland in tobacco 
(Dell and McComb 1978b; Keene and Wagner 1985; Kandra and Wagner 
1988). In most cases of diterpene formation, the immediate products of 
cyclization are thought to be nonoxygenated hydrocarbons. However, in 
the case of abienol evidence has been presented for direct formation of 
alcohol functions during cyclization. Biosynthesis of the hydroxylated 
labdane diterpene, cis-abienol (IX), from geranylgeranyl pyrophosphate 
was observed in cell-free extracts from trichome-bearing tissues of 
Nicotiana tabacum (Carman and Duffield 1993; Guo et al. 1994; Fig. 4). 
The activity was soluble, Mg^^ stimulated, had a pH optimum near 7, and 
was unaffected by conditions which inhibit cytochrome P-450 oxyge- 
nase. These results indicate the occurrence in trichome glands of a cy- 

Geranylgeranyl IX c/s-abienol XI ent-Sandarocopimaradiene 

pyrophosphate 

Fig. 4. Scheme for cyclization of geranylgeranyl pyrophosphate to form cis-abienol, 9aH- 
[ ( 1 2Z-labda- 12,1 4-dien- (a-ol) ] 
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clase activity which yields the cyclized hydroxylated labdanoid cis- 
abienol directly. 



4. Casbene 

Casbene (X) is a stress metabolite formed in cell-free extracts from 
germinating castor beans. It is a macrocyclic diterpene hydrocarbon that 
serves as a phytoalexin in castor beans {Ricintis communis L.; Sitton and 
West 1875; West et al. 1990; Fig. 5). Casbene synthase from castor bean 
seedlings catalyzes the cyclization of geranylgeranyl pyrophosphate to 
form the macrocyclic hydrocarbon in a single enzymatic step (Robinson 
and West 1970a, b; Dueber et al. 1978). The capacity of the system to 
produce casbene is greatly increased when the seedlings are exposed to 
cultures of Aspergillus niger or Rhizopus stolonifer or to a partidly puri- 
fied elicitor isolated from culture of R. stolonifer (Stekoll and West 
1978). The inducible enzyme activity is found in proplastids of germinat- 
ing seedlings infected by the fungus R. stolonifer (Dudley et al. 1986a, b). 
The plant cells recognize oligogalacturonide fragments released from 
pectic components of the plant cell wall by a secreted fungal endopolyga- 
lacturonase as a signal to activate casbene synthase induction (Lee and 
West 1981a, b; Bruce and West 1982; Jin and West 1984; Walker- 
Simmons et al. 1984). Casbene synthase activity reaches detectable levels 
after 5 h of incubation with pectic fragments, with a peak occurring after 
10-12 h (Moesta and West 1985). The active enzyme consists of a single 
polypeptide with a apparent M of 59 000. Polyclonal antibodies to the 
purified enzyme have been used to isolate a partial cDNA clone from a 
gll library (Lois and West 1990). RNA gel blots probed with this clone 
show that casbene synthase mRNA is undetectable in imelicited seed- 
lings but accumulates to a maximum at 6 h following elicitation, and 
that the accumulation of casbene synthase, and hence casbene is gov- 
erned primarily by the rate of transcription of the casbene synthase gene 
during elicitation by pectic fragments. 




Ill Geranylgeranyl X Casbene 

pyrophosphate 

Fig. 5. Proposed reaction mechanism for formation of casbene 
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A near-full-length casbene synthase cDNA clone, was isolated from 
poly(A) RNA from elicited castor bean seedlings (Mau and West 1994). 
Translation of the cDNA sequence revealed 42% identity and 65% simi- 
larity with 5-epi-aristolochene synthase from tobacco and 31% identity 
and 53% similarity with limonene synthase from spearmint. Each of the 
three proteins catalyzes an intramolecular cyclization of a prenyl 
diphosphate substrate to a specific cyclic terpenoid hydrocarbon prod- 
uct. The proposed reaction mechanisms for the three catalytic processes 
share common chemical features, even though the products being 
formed are members of three different classes of terpenoid compounds. 
Analysis of the alignment of the three proteins suggested that both pri- 
mary and secondary structural elements are conserved. These similari- 
ties suggest that the genes that encode terpenoid cyclization enzymes of 
this type in angiosperms have undergone divergent evolution from an 
ancestral progenitor gene. 

Incubation of geranylgeranyl pyrophosphate with enzyme extract 
from castor bean (Ricinus communis) seedlings produced (E)-ent- 
sandarocopimaradiene (XI); thus SNi cyclization of the intermediate 
copalylpyrophate occurs with anti-sterochemistry (Drengler and Coates 
1980). 



5. Rice Phytoalexins 

Two families of diterpenoid phytoalexins have been found in rice plants 
which had been subjected especially either to infection by the blast fun- 
gus or to irradiation with UV light, the momilactones such as XVI, which 
are derivatives of a pimaradiene lactone (Kato et al. 1977; Cartwright et 
al. 1981) and the oryzalexins such as XVII, which are shown to be de- 
rivatives of ent-sandaracopimara-8(14),15-diene (XV) (Akatsuka et al. 
1985; Kono et al. 1985; Sekido et al. 1986; West et al. 1990). Cell-free en- 
zyme systems from rice leaves capable of catalyzing the biosynthesis of 
such diterpene hydrocarbons from geranylgeranyl pyrophosphate or 
copalyl pyrophosphate have been developed (Wickham and West 1992). 
The results are consistent with a proposed biosynthetic scheme (Fig. 6), 
in which 9pH-pimara-7,15-diene (XIV) serves as a precursor of the 
momilactone family, and ent-sandaracopimara-8( 14), 15-diene (XV) 
serves as a precursor of the oryzalexins family of rice phytoalexins. It is 
tentatively concluded that the enzymes are present predominantly in the 
extraorganellar cytoplasm of rice leaves. 
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Fig. 6. Proposed pathways for the biosynthesis of the momilactone and oryzalexin fami- 
lies of phytoalexins in rice tissues 
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6. Kaurene 

Ent-kaurene (II) is the precursor of the gibberellins, which are a large 
family of diterpenoid compounds, bioactive growth regulators, control- 
ling such diverse processes as germination, cell elongation and division, 
and flower and fruit development. Extensive biochemical studies on 
endogenous gibberellin intermediates have allowed the determination of 
the gibberellin biosynthetic pathway and several genetic loci involved in 
gibberellin biosynthesis (Hedden et al. 1978; Graebe 1982, 1987; Cool- 
baugh 1983; Phinney and Spray 1990). The first committed step is the 
conversion of geranylgeranyl pyrophosphate (III) to ent-kaurene (II) in 
a two-step cyclization reaction (West et al. 1982). Geranylgeranyl pyro- 
phosphate (III) is partially cyclized to form the bicyclic diterpene copa- 
lyl pyrophosphate (XIII) by ent-kaurene synthase A, and copalyl pyro- 
phosphate is immediately converted to ent-kaurene (II) by ent-kaurene 
synthase B (Fig. 7). Because ent-kaurene is a key intermediate in the 
gibberellin pathway, its synthesis is likely to be a regulatory point for 
gibberellin biosynthesis. Indeed, ent-kaurene production has been 
shown to be altered by changes in photoperiod, temperature, and growth 
potential of tissues in certain species (Moore and Moore 1991; Zeevaart 
and Gage 1993). The stereochemistry of the ring C formation has been 
defined by the analysis of ent-kaurene biosynthesis from ’H-labeled 
substrates in a known enzyme system from Marah macrocarpus (Coates 
and Cavender 1980). The suggested stereochemistry of the ring D for- 
mation has been confirmed (Honda et al. (1980). 



12 




XVIII enf-Kaurenol XIX enf-Kaurenal XX enf-Kaurenoic acid 



Fig. 7. Ent-kaurene synthase A- and B-activities and formation of kaurenoic acid 




Secondary Plant Substances. Diterpenes 



267 



Ent-kaurene synthetase had been partially purified. Preparations had 
been obtained from M. macrocarpus immature seeds, Ricinus communis 
germinating seeds, Echinocystis macrocarpa, and Gibberella fujikuroi 
cultures (Graebe et al. 1965; Upper and West 1967; Robinson and West 
19870a, b; Fall and West 1971; Frost and West 1977; Knotz et al. 1977). 
R. communis produces kaurene and the related diterpenes beyerene, 
trachylobane and sandaracopimaradiene. These are formed by alterna- 
tive cyclization of the common intermediate copalyl pyrophosphate 
(Shechter and West 1969). Kaurene synthase B activity and related 
diterpene cyclase activities from R. communis were purified 600-fold 
(Spickett et al. 1994). It was known that both the A- and the B-activity 
appear in the supernatant after high-speed centrifugation and that diva- 
lent metal ions, preferably Mg^^, are required for activity. There were 
indications that the two steps are catalyzed by separate enzymes, and 
preparations of the B-activity had been obtained from R. communis 
seekings; but it had been possible to obtain preparations of the A- 
activity alone. The A- and B-activities of kauren synthase from both 
M. macrocarpus and Cucurbita maxima have been separated (Duncan 
and West 1981; Saito et al. 1993). The molecular weight for the A- and B- 
enzymes is 82 000 each. The overall activity, i.e., the conversion of 
geranylgeranyl pyrophosphate (III) to ent-kaurene (II), is reconstituted 
by combining the two enzymes, and this reconstitution has interesting 
properties. Thus, although the B-activity is directly proportional to the 
protein concentration, the overall activity shows a second order depend- 
ence on the protein concentration. Furthermore, it seems that ent- 
kaurene synthase consists of two distinct enzymes that associate during 
the ent-kaurene synthesis from geranylgeranyl pyrophosphate, and that 
this association might play a role in the regulation of enzyme activity 
(West et al. 1982). 

An interesting story, which may have a bearing on the regulation of 
ent-kaurene synthase, involves the presence of the B-activity, but not the 
A-activity, in lysed chloroplast preparations from several plant species 
(Railton et al. 1984). When such chloroplast preparations from pea 
shoots are fractionated into a thylakoid and a stromal fraction, both 
fractions are needed for full ent-kaurene synthase B-activity. It is sug- 
gested that ent-kaurene synthase may be a soluble stromal enzyme that 
normally requires weak association with plastid membranes, perhaps 
thylakoids, for full activity in catalyzing the conversion of copalyl pyro- 
phosphate to ent-kaurene. 

On the way to gibberellins, ent-kaurene (II) is first transformed to 
kaurenoic acid (XX) by kaurene oxidase via ent-kaurenol (XVIII) and 
ent-kaurenal (XIX) (Fig. 7; Graebe et al. 1965; Dennis and West 1967; 
Murphy and West 1969; West et al. 1979; Ashman et al. 1990). Ancymi- 
dol is an inhibitor of ent-kaurene oxidation in microsomal preparations 
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from immature M. microcarpus seeds (Coolbaugh and Hamilton 1976; 
Coolbaugh et al. 1978). 

Cell-free systems from C. maxima endosperms, from pea seeds, and 
pea seedling shoots, from Zea mays seedlings (normal and dwarf), from 
Arabidopsis siliques, and from M. macrocarpus were known to biosyn- 
thesize ent-kaurene from mevalonate (Anderson and Moore 1967; 
Graebe 1968, 1969; Graebe et al. 1972; Hedden and Phinney 1979). Most 
cell-free systems for the study of ent-kaurene biosynthesis in higher 
plants have been prepared from developing seeds. Enzyme extracts from 
vegetative stages are much less active. The capacity for ent-kaurene 
synthesis in cell-free systems from developing Pharbitis nil seeds is 
maximal during rapid seed development, which coincides with the 
m aximum in gibberellic acid contents (Barendse et al. 1986). Similar 
results have been obtained with pea seed cell-free systems, in which both 
ent-kaurene synthesis and the conversion of other gibberellic acid bio- 
synthesis intermediates have characteristic maxima during seed devel- 
opment (Graebe 1982). In pea seedlings, the conversion of mevanolate to 
ent-kaurene is most active in cell-free extracts prepared from the shoot 
tips, petioles, and stipules near the young elongating internodes, and the 
activity decreases as the organs get older (Chung and Coolbaugh 1986). 
The conversion of mevalonate to ent-kaurene has been obtained in both 
intact suspensors of Phaseolus coccineus seeds and cell-free systems 
from these suspensors (Ceccarelli et al. 1979, 1981), in cell-free systems 
from P. coccineus cotyledons from a later stage of seed development 
(Turnbull et al. 1986), and in cell-free systems from endosperm and 
cotyledons of developing Sechium edule seeds (Ceccarelli and Lorenzi 
1983). 

A cell-free system from maize seedlings converts geranylgeranyl py- 
rophosphate to ent-kaurene and other diterpene hydrocarbons, and the 
incorporation is enhanced 50- to 100-fold by fungal infection of the 
seedlings prior to preparation of the cell-free extract (Mellon and West 
1979). 

As mentioned above, the ent-kaurene synthase B-activity is more of- 
ten found in cell-free preparations than the A-activity. A cell-free system 
from etiolated Helianthus annuus seedlings contains dialyzable material 
that inhibits the AB-activity of ent-kaurene synthase in cell-free systems 
from M. macrocarpus endosperm (Shen-Miller and West 1982; 1984). 
Ent-kaurene synthase is more active in etiolated than in green seedlings 
(Shen-Miller and West 1985). Seemingly opposite results have been re- 
ported for pea shoot enzyme preparations, in which the capacity for ent- 
kaurene biosynthesis from (2- ‘^C) mevalonate was absent if the shoots 
had been dark-grown, and increased with increasing irradiation time 
(Choinskyand Moore 1980). 

The ent-kaurene synthase activity in cell-free preparations from 
dwarf gal mutants of Arabidopsis thaliana is very low compared to the 
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wild type (Barendse et al. 1986). Application of ent-kaurene restored 
growth of the dwarf mutants and was metabolized to gibberellins. These 
results suggest that gibberellin biosynthesis in the dwarf mutants is 
blocked prior to the formation of ent-kaurene, but the rest of the path- 
way is unaffected by the mutation. The GAl locus is probably involved 
in the conversion of geranylgeranyl pyrophosphate to ent-kaurene, en- 
coding one of the ent-kaurene synthases or a regulator needed for for- 
mation of the active enzyme. The GAl locus was isolated and cloned 
(Sun et al. 1992). The isolation of a nearly full-length GAl cDNA clone 
from wild-type Arabidopsis encodes an active protein and is able to 
complement the dwarf phenotype in gal -3 mutants by Agrobacterium- 
mediated transformation (Sun and Kamiya 1994). In Escherichia coli 
cells that express both the Arabidopsis GAl gene and the Erwinia uredo- 
vora gene encoding geranylgeranyl pyrophosphate synthase, copalyl 
pyrophosphate was accumulated. This result indicates that the GAl gene 
encodes the enzyme ent-kaurene synthase A. Similar results are found in 
tomato plants (Benson and Zeevaart 1990). 

There is considerable evidence that the rate of gibberellin biosynthe- 
sis is higher under long day conditions. For example, the gibberellin 
content increased severalfold after the transfer of Silene plants from 
short-day to long-day conditions (Talon and Zeevaart 1990), particularly 
in the subapical region (Talon et al. 1991a). Large increases in gibberel- 
lin content preceding stem elongation have also been observed in 
Agrostemma githago (Jones and Zeevaart 1980). In spinach, the photo- 
period is known to regulate at least two steps in gibberellin metabolism 
(Gilmour et al. 1986; Zeevaart et al. 1990; Talon et al. 1991b), and treat- 
ment with a growth retardant led to a more rapid decline of the gibber- 
ellin content of spinach under long-day than short-day conditions 
(Zeevaart 1971). Furthermore GA20 was metabolized more rapidly in 
spinach plants in long day than in short day conditions (Metzger and 
Zeevaart 1982). As a result, it is to be expected that the conversion of 
geranylgeranyl pyrophosphate to ent-kaurene is stimulated in plants 
grown under long day conditions. The effect of photoperiod on ent- 
kaurene biosynthesis was determined by blocking the further metabo- 
lism of ent-kaurene with the growth retardant tetcyclacis (Zeevaart 1985, 
GroCelindemann et al. 1991). In spinach and Agrostemma, the rate of 
ent-kaurene accumulation under long-day conditions was 3 or 2.5 times 
higher than under short-day conditions (Zeevaart and Gage 1993). 



7. Taxane 

The highly functionalized diterpenoid taxol (paclitaxol; XXIV; Wani et 
al. 1971; Wall and Wani 1995) is of interest because of its efficacy in the 
treatment of a range of cancer (Harrison et al. 1996; Lythgoe 1968; Suff- 
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ness and Cordell 1985; Blechert and Guenard 1990; Kingston et al. 1993; 
Schneider 1994; Holmes et al. 1995; Schiitte et al. 1995). A principal 
limitation to the wider therapeutic use of taxol was the limited supply of 
the drug isolated from the bark of Pacific yew (Taxus brevifolia Nutt.: 
Taxaceae); the yields are low (0.01-0.1% dry weight), the species is very 
slow-growing and sparsely distributed, and the harvest is destructive. 
Alternate approaches for obtaining taxol include isolation from the re- 
newable foliage and other tissues of plantation-grown Taxus species 
(Witherup et al. 1990; Vidensek et al. 1990; Kelsey and Vance 1992; Fett- 
Neto and DiCosmo 1992; Wheeler et al. 1992; Georg et al. 1993a; Kwak et 
al. 1995), production in tissue culture systems (Gibson et al. 1993; Fett- 
Neto et al. 1992), and semisynthesis of the drug and its analogues from 
baccatin III (XXV) and related late-stage taxane diterpenoid (taxoid) 
metabolites that are more readily available (Magri et al. 1986; Gueritte- 
Voegelein et al. 1986; Denis et al. 1988; Guenard et al. 1993; Georg and 
Cheruvallath 1994; Georg et al. 1993a, b, 1994, 1995; Nicolaou et al. 1994; 
Kingston 1995). Total synthesis of taxol, at present, is not commercially 
viable (Borman 1994), and efficient and economical supply of the drug 
most relies on biological production systems for the foreseeable future 
(Gragg et al. 1993). 

Taxol is found most abundantly in the vascular cambial region fol- 
lowed by the phloem, sapwood, and heartwood. Only traces could be 
demonstrated in the xylem, suggesting that taxol may be mobilized from 
its place of greatest biosynthetic activity (vascular cambial region) to the 
xylem (Strobel et al. 1993). The concentration of taxol and derivatives 
such as baccatin and others showed a gradient of decreasing concentra- 
tion from stem base to branch tip. This decrease is attributed to the gen- 
erally higher concentration of taxanes in the phloem tissue and the de- 
crease in inner bark thickness from base to branch tip. Taxane concen- 
trations in bark increased from May through August, whereas in needles 
concentrations change little during that period (Vance et al. 1994). 
Taxomyces andreanae, a fungal endophyte, was isolated from the 
phloem (inner bark) of the Pacific yew. The fungus is hypomyceteous 
and, when grown in a semisynthetic liquid medium, produced taxol 
(Stierle et al. 1993). 

The biosynthesis of taxol (XXIV; Fig. 8) is presumed to involve cycli- 
zation of geranylgeranyl diphosphate (III), via verticillene (XXI) to taxa- 
4(20),ll(12)-diene (XXII) (Gueritte-Voegelein et al. 1987; Begley et al. 
1990) since taxoids bearing the 4(20)- and ll(12)-pair of double bonds 
are very common. Such a cyclization to establish the taxane skeleton 
could then be followed by oxidative elaboration of this diterpene olefin 
intermediate. Investigations on taxol biosynthesis have shown that ace- 
tate, mevalonate, and phenylalanine represent the biosynthetic building 
blocks of Taxus canadensis taxanes and that the greatest biosynthetic 
capacity is in the barks (Strobel et al. 1992; Zamir et al. 1992). It has been 
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shown that the Winterstein’s acid [3-(dimethylamino)-3-phenylprop- 
anoic acid] moiety of taxine is derived from phenylalanine (Leete and 
Bodem 1966). A similar origin is likely for the phenylisoserine moiety. 
The conversion of phenylalanine into Winterstein’s acid proceeds with 
retention of the pro-S and loss of the pro-R hydrogen from C-3 of the 
side chain, ruling out the involvement of phenylalanine:ammonia-lyase 
since this enzyme stereospecifically removes the pro-S hydrogen from C- 
3 of phenylalanine (Platt et al. 1984). The side chain of taxol is formed 
from phenylalanine via p -phenylalanine, presumably generated by an 
aminomutase rection (Moss and Frey 1990), followed by hydroxylation 
of C-2 and acylation of the nitrogen. The benzoyl moiety is also formed 
via P-phenylalanine and possibly phenylserine rather than via cinnamic 
acid (Fleming et al. 1993). It has been shown that baccatin III (XXV) is a 
precursor of taxol (XXIV), that the side chain is not attached as an intact 





XXII Taxa-4(20),11(12)-diene XXIII Taxa-4(5),11(12)-diene 




Fig, 8. Proposed cyclization of geranylgeranyl pyrophosphate to taxadiene, and conver- 
sion of this intermediate to highly functionalized taxoids 
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unit, but most likely as phenylisoserine, and that the final step in biosyn- 
thesis is benzoylation of N-debenzoyltaxol (Fleming et al. 1994). 

The biosynthesis of taxol (paclitaxel; XXIV) and related taxoids in 
taxol Pacific yew is thought to involve the cyclization of geranylgeranyl 
pyrophosphate to a taxadiene followed by extensive oxygenation of this 
diterpene olefin intermediate. A cell-free preparation from sapling yew 
stems of Taxus brevifolia catalyzed the conversion of geranylgeranyl 
diphosphate to a cyclic diterpene olefine that, when incubated with stem 
sections, was converted to several highly functionalized taxanes, includ- 
ing 10-deacetyl baccatin III and taxol itself (Hezari et al. 1995; Koepp et 
al. 1995). The olefin has been established as taxa-4(5),ll(12-diene 
(XXIII). Therefore, the first dedicated step in taxol biosynthesis is the 
conversion of the universal diterpenoid precursor geranylgeranyl pyro- 
phosphate to taxa-4(5),ll(12)-diene (XXIII), rather than to the 
4(20),ll(12)-diene isomer (XXII) previously suggested on the basis of 
the abundance of taxoids with double bonds in these positions. The very 
common occurrence of taxane derivatives bearing the 4(20)-ene-5-oxy 
functional grouping, and the lack of oxygenated derivatives bearing a 
4(5)-double bond, suggest that hydroxylation at C-5 of taxadiene with 
allylic rearrangement of the double bond is an early step in the conver- 
sion of this olefin intermediate to taxol (XXIV). 
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VII. The Pore/Plasmodesm Unit; 

Key Element in the Interplay Between Sieve Element 
and Companion Cell’*^ 

Aart J. E. van Bel and Ronald Kempers 



1. Introduction 

The principal function of the phloem system is the long-distance trans- 
port and distribution of photosynthate. Hence, the phloem is vital for 
concerted growth and development of higher plants. The transport ele- 
ments of the phloem are the sieve tubes, arrays of numerous units, each 
of which is composed of a sieve element and a companion cell (sieve 
element/companion cell complex or SE/CC). 

Decisive for the operation of the SE/CC is the interaction between SE 
and CC. The metabolically active component of the complex (the CC) is 
presumed to sustain the functioning of the enucleate SE. Owing to this 
support, the SE can survive over many years despite the absence of nu- 
clear information and mitochondrial power stations (Raven 1991). This 
implies that energy-carrying substances and macromolecular messages 
must be channeled from CC to SE. The interplay between SE and CC has 
been untouched area in plant science for a long time. In this chapter, 
some recent discoveries have been collected which are beginning to un- 
veil the secrets of this close cooperation. 



2. The Diverse Tasks of the SE/CC in the Successive Sections 
of the Phloem 

In higher plants, the phloem is divided into three functional units. At the 
one extreme of the system, the phloem collects the photosynthates pro- 
duced by the chloroplasts in the mesophyll. At the other extreme, the 
photosynthates are delivered to growth centres or storage organs. The 
intermediate transport phloem executes the translocation between the 
extremes. In a functional respect, the transport phloem is also interme- 
diate between the collection and delivery phloem; photoassimilates leak 
away from the SE/CCs by which they are retrieved for the larger part 
(Minchin and Thorpe 1987). In small herbs, the heavily branched collec- 
tion and delivery phloem make up about 1% of the phloem stretch, the 
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rest is transport phloem. In taller plants, the phloem loading and un- 
loading zones cover much less than 1% of the phloem pathway. 

The function of collection, transport, and release phloem is reflected 
by the relative size of SE and CC along the phloem system (Van Bel 
1996). Whereas the diameter of the CCs is much larger than the SEs in 
the collection phloem, the CCs are strongly reduced or even disappear in 
the release phloem. In transport phloem, the CCs cover about 30% of the 
SE surface (Van Bel 1996). The absolute size of the SE/CCs in the trans- 
port phloem is larger than of those in the collection and delivery 
phloem. Since these cells are better accessible to experimental manipu- 
lation, much of what we know about the interaction between SE and CC 
pertains to the transport phloem. 



3. The Plasmodesmatal (Dis)continuity of the SE/CC 
in Transport Phloem 

Due to the special dual assignment of the SE/CCs in transport phloem, 
the conducting elements are expected to be symplasmically isolated 
from the adjacent cells (Van Bel 1993). Evidence is amassing that the few 
plasmodesmata at the interface between the SE/CCs and the phloem 
parenchyma cells (PPs) are generally closed in transport phloem. The 
arguments are: 

1. Intracellular injection of fluorochromes into the SEs or the PPs dis- 
closed a symplasmic discontinuity between SE/CCs and the adjacent 
tissues (Van der Schoot and Van Bel 1989; Van Bel and Kempers 
1991; Oparka et al. 1992; Van Bel and Van Rijen 1994; Wildon et al. 
1995). The probes injected into the SEs never moved to the PPs and 
vice versa. Between the PPs, symplasmic continuity existed, as evi- 
denced by dye movement (Van Bel and Van Rijen 1994). 

2. The electrical conductance between the PPs is at least ten times 
higher than that between SE/CC and PP (Van Bel and Van Rijen 
1994). The resistance between the cells was found to be proportional 
to the symplasmic continuity (Overall and Gunning 1982). 

3. The membrane potentials of SE/CCs and PPs in transport phloem 
often differ by more than 20 mV in the same species (Van der Schoot 
and Van Bel 1989; Van Bel and Kempers 1991; Van Bel and Van Rijen 
1994; Van Bel 1995). The distinct voltage differences between the ad- 
joining cell types hints at a symplasmic discontinuity at the interface 
between SE/CC and PP. 

4. 5(6) Carboxyfluorescein or 5(6) carboxyfluorescein diacetate, that is 
exclusively transported within the phloem of intact plants (Grignon 
et al. 1989), was used for studies on the nature of phloem unloading 
(Oparka et al. 1994; Wang and Fisher 1994; Wang et al. 1994). In these 
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investigations, exit of carboxyfluorescein from the phloem system 
was taken as evidence for symplasmic unloading. Carboxyfluorescein 
diacetate applied to abraded leaves or stems of intact plants is accu- 
mulated in the CCs along the translocation pathway (Van Bel et al. 
1996). No further movement to the PPs was observed, which speaks 
for an symplasmic barrier between the SS/CCs and the surrounding 
tissue in dicotyledons. 

The low plasmodesmatal frequencies indicate a symplasmic constriction 
at the interface between SE/CC and PP in transport phloem (Ammerlaan 
et al. 1995). The plasmodesmatal frequencies at this interface are almost 
uniform in symplasmically and apoplasmically loading species. This is 
in contrast to the collection phloem, where up to 1000-fold differences in 
plasmodesmatal frequency between SE/CC and adjacent mesophyll were 
established (Gamalei 1989). 

The few plasmodesmata at the interface between SE/CC and PP in 
transport phloem might allow intercellular traffic despite the above ar- 
guments for the opposite. It is not clear whether the observed symplas- 
mic isolation actually exists in intact plants or is due to cutting and in- 
jection procedures to which the plasmodesmata might react hy shutting 
off (Van Kesteren et al. 1988, Van der School and Van Bel 1990). 

Some observations support the view that plasmodesmata between 
SE/CC and PP are closed in intact plants. 5(6) Carboxyfluorescein ap- 
plied to the leaves of young Arabidopsis plants does not escape from the 
phloem track on its way to the roots until the growing zone has been 
reached (Oparka et al. 1994, 1995). Further, Lucifer Yellow injected into 
the petiole sieve tubes of intact tomato plants did not move to the sur- 
rounding tissues (Wildon et al. 1995). In these tissues, as well as in Mi- 
mosa (Fromm and Eschrich 1988), electrical signals seem to propagate 
along the phloem. It is difficult to imagine how electrical propagation 
could occur without symplasmic isolation of the transmission cables. 

Other reports, on the other hand, contradict full in vivo symplasmic 
autonomy of the SE/CC complexes. Exit of 5(6) carboxyfluorescein di- 
acetate has been found in bean stems under sink limiting conditions; at 
high source/sink ratios 5(6) carboxyfluorescein diacetate was retained in 
the SE/CC-complexes (Offler and Patrick, pers. comm.). It appears that 
the few plasmodesmata between SE/CC and PP provide an intercellular 
pathway for solutes under sink limitation (Hayes et al. 1987). In intact 
Cyclamen plants, PCMBS and CCCP treatments did not induce a photo- 
synthate release from the petiole phloem, which contrasted with the 
stimulated photosynthate release in isolated petioles (Grimm and Jah- 
nke 1995). These findings suggest that the radial pathway departing 
from the sieve tubes can switch between an apoplasmic or symplasmic 
mode in dependence of the turgor pressure in the sieve tubes. 
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4. The Interaction of SE and CC in Transport Phloem 

The relative isolation of the SE/CC-complex forces SE and CC to interact 
closely in the transport phloem. Symplasmic isolation of the transport 
phloem may not only be appropriate for massive photosynthate re- 
trieval, it also enhances the interdependence between SE and CC. Obvi- 
ously, such a compulsory interaction between SE and CC cannot possi- 
bly be universal in the phloem. In the collection and delivery phloem, 
SE/CCs are often symplasmically connected with the surrounding paren- 
chyma. 

The isolation of the SE/CC arises in the course of its ontogeny as indi- 
cated by the distribution of intracellidarly injected fluorochrome (Van 
Bel and Van Rijen 1994). The cambial precursor of the SE/CC in Lupinus 
luteus stems displays symplasmic connectivity with all adjacent cells. At 
the onset of the differentiation, the plasmodesmata appear to close off, 
at first at the transverse walls. At the stage of full symplasmic isolation, 
the differentiation into SE/CC probably takes place. The transverse walls 
transform into sieve plates perforated by large pores that allow rapid 
longitudinal transport. The few plasmodesmata at the interface between 
SE/CC and PP are single or branched. Peculiar cytosolic corridors are 
formed during the SE/CC ontogeny. Small pore-like openings at the SE 
side are joined with branched plasmodesmata at the CC side with a cen- 
tral cavity at the joint (e.g., Esau and Thorsch 1985; Robinson-Beers and 
Evert 1991; Ding et al. 1993). These pore-plasmodesm units are held 
responsible for the communication and interaction between SE and CC. 



5. The Pore/Plasmodesm Units (PPUs) 

To date, no consensus has been reached concerning the ultrastructure of 
the PPUs. A major question is whether a desmotubule links the endo- 
plasmic reticula of SE and CC via the PPUs. A desmotubular structure 
was claimed to be absent in the pore component (Esau and Thorsch 
1985). By contrast, a dilated ER continuous with an endoplasmic sieve 
element reticulum was observed at the pore side of the PPUs in minor 
vein phloem of tobacco (Ding et al. 1993). A simple example suffices to 
illustrate the discord concerning the xdtrastructure of the PPUs. The very 
same picture providing evidence that "the desmotubules of the branches 
appear to end blindly" (Esau and Thorsch 1985) was interpreted radi- 
cally differently by others (Lucas et al. 1993) by stating that the picture 
showed "continuity between the ER and the appressed ER". 

An indication for a special nature of the PPU ultrastructure is its large 
molecular exclusion limit (MEL). MELs of about 800 daltons were con- 
sidered to be the standard for mature parenchymatous cells (e.g., 
Goodwin 1983; Terry and Robards 1987; Derrick et al. 1992). The MEL of 
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the PPUs is substantially larger than 800 Da. In the extrafascicular 
phloem of Cucurbita maxima, the MEL of the PPUs appeared to be at 
least 3 kDA, as indicated by movement of fluorescent dextrans and insu- 
lin (Kempers et al. 1993). These fluorochromes were injected into the 
exceptionally large CCs of the extrafascicular phloem, readily moved to 
the adjoining SE, and displaced in longitudinal direction through the 
array of sieve elements, from which the fluorescence successively spread 
into the adjacent CCs (Kempers et al. 1993). Similarly, 3-kDa dextran 
conjugates injected into the SEs of fascicular phloem of Vida faba 
moved along a chain of SEs from which the dye immediately spread into 
the associated CC (Kempers et al. 1995). Use of a modified pressure 
probe enabled the injection of higher molecular compounds such as 4.4- 
kDa FITC-dextran, 10- and 40-kDa LYCH-dextran conjugates, and a 25- 
kDa FITC-chymotrypsinogen A conjugate into the SEs of fascicular 
phloem in stem strips of Vida faba (Kempers and Van Bel 1997). The 
distribution patterns of the fluorochromes indicated a MEL of the PPUs 
between 20 and 25 kDa. 

The question is whether the molecular size of the fluorescent conju- 
gates is representative for the in vivo exclusion limit of the PPUs. Stain- 
ing with anilin blue always shows some callose deposits around the lat- 
eral sieve pores in phloem strips (Kempers and Van Bel 1996). The vari- 
able degree to which the sieve tubes are occluded by callose thus only 
allows the minimally possible functional exclusion limit to be derived. 

Another point of debate is to what extent a MEL for dextran conju- 
gates concurs with the MEL for globular proteins. In the 10-kDa range, 
the Stokes radius for 10-kDa dextran conjugate (2.3 nm; Granath and 
Kvist 1967) is 1.5 times larger than that of 12-kDa insulin (1.6 Jacobson 
and Wojcieszyn 1984). In the 40-kDa range, the ratio between the Stokes 
radii of 40-kDa dextran conjugate (4.4 nm; Thorball 1981) and 45-kDa 
ovalbumin (2.7 nm; Peters 1986) is about 1.6. It appears that the appar- 
ent MEL for dextran conjugates must be multiplied by a factor 1.5 to 
calculate the in vivo MEL of the PPUs for proteins. 



6. Transfer of Energy Through the PPU 

How the SE and CC interact metabolically in order to maintain the high 
ApH and the AH' over the plasma membrane of the SE is fully obscure. 
These components of the proton-motive force are responsible for the 
retrieval of photosynthate leaking away along the phloem pathway (Dale 
1987; Grimm et al. 1990; Gahrtz et al. 1994). The current idea is that the 
retrieval resides in the CCs (Ziegler 1990), since the abundance of mito- 
chondria there is suggestive of a high ATP production that fuels the 
proton pumps which, in turn, energize the retrieval systems. The photo- 
synthate retrieved by the CC would diffuse to the SEs through the PPUs. 
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Such a mechanism seems inefficient in view of the partial coverage of the 
SE by the CC in the stem phloem of higher plants (Van Bel 1996). Ex- 
pectedly, sugars would easily escape via the areas uncovered by the CC. 
Alternative mechanisms have been conceived, in which the SE exert di- 
rect control on the photosynthate escape (Van Bel 1996). In these mod- 
els, the energy produced by the CCs is transmitted in some form through 
the PPUs to the SEs, where the photosynthate is retrieved (Van Bel 
1996). One model, in which ATP produced by the CCs diffuses to the SEs 
(Raven 1991; Van Bel 1996), where it is used for retrieval, would explain 
the high ATP content of the sieve tube sap (Lehmann 1979). Immu- 
nological studies using antibodies against plasma membrane ATPases 
evidenced the prevalence of ATPases in the CC plasma membrane 
(Bouche-Pillon et al. 1994; DeWitt and Sussmann 1995). In loading 
phloem, such a localization is supportive of apoplasmic photosynthate 
loading. In transport phloem, abundance of ATPases at the CC plasma 
membrane could speak for direct sugar retrieval by CCs. However, the 
ATPases in the CCs might also set up an electrogenic potential which is 
propagaged over the plasma membrane lining in order to fuel the sugar 
retrieval by the SE (Van Bel 1996). 

A prerequisite for energization of the retrieval by the SEs is the pres- 
ence of carriers for photosynthate retrieval in the plasma membrane of 
the SE. Contrasting results have been obtained with molecular-biological 
methods for sucrose carrier localization. Predominance of sucrose carri- 
ers was found at the CC plasma membrane in the petiole phloem of 
Plantago (Stadler et al. 1995), In Solanaceae, the sucrose carriers were 
identified to be localized at the plasmas membrane of the SEs (Frommer 
1995). The configuration with the sucrose carriers prevailing in the CCs 
(Stadler et al. 1995) would render credence for retrieval of sugars by the 
CCs in the transport phloem. 



7. Phloem-Specific Proteins 

It is unlikely that maintenance of the energy level to subsidize the re- 
trieval machinery by the SE is the only way of support by the CC. The 
absence of a nucleus in the SE requires nuclear information (including 
proteins) that controls and maintains the metabolism in the SE. A com- 
prehensive set of proteins in the sieve tube sap may act to control and 
steer the physiological activities of the SEs. 

There is agreement to term all proteins characteristic of the phloem 
P-proteins (Cronshaw and Sabnis 1989). P-proteins are unique consitu- 
ents of the SE which were thought to arise during the ontogeny of the SE 
(reviewed by Cronshaw and Sabnis 1989). Among the more than 150 P- 
proteins (Fisher et al. 1992; Nakamura et al. 1993; Sakuth et al. 1993), 
distinction is to be made between structural P-proteins and phloem- 
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mobile P-proteins (Fisher et al. 1992). The latter authors state that "P- 
proteins do not appear to be mobile compounds of the translocation 
stream. Instead, their presence in exudate apparently results from the 
disruptive effects of sharply steepened gradients in several sieve tubes. 
Soluble, and therefore presumably mobile, proteins nevertheless appear 
to be normal, constituents of the phloem stream" (Fisher et al. 1992). 

Thus, P-proteins probably belong to several functional classes. Most 
of them may be involved in physiological processes such as the synthesis 
of callose (Eschrich et al. 1972), the glycolysis (Eschrich and Heyser 
1975), and the defence against insects and microorganisms (Alosi et al. 
1988). Gelling of a high-molecular P-protein produced plugs at the site 
of injury (Alosi et al. 1988). 

Some of the P-proteins may be part of or are associated with a struc- 
tural frame in the sieve element. The structural (nonsoluble) proteins 
have been observed in filamentous, tubular, and crystalline appearance 
(Cronshaw and Sabnis 1990). Two major exudate polypeptides from 
Cucurbita maxima, designated PPl and PP2, may be associated with a 
proteinaceous filamentous structure in the SE. PPl with reported M^s of 
116 kDa (Beyenbach et al. 1974), 96 or 80kDa (Read and Northcote 
1983), and 96 kDa (Bostwick et al. 1992; Thompson, pers. comm.) gells 
in response to injury due to conformational changes brought about by 
the formation of inter- and intramolecular disulfide bonds (Kleinig et al. 
1975; Alosi et al. 1988). PP2 with a reported of 26 kDa is a polypep- 

tide with lectin properties (Kauss and Ziegler 1974; Sabnis and Hart 
1978; Read and Northcote 1983), which may serve to attach the proteina- 
ceous frame to the SE plasma membrane. 



8. Trafficking of Nuclear Information Through the PPU 

The discovery of an intense turnover of P-proteins (Fisher et al. 1992; 
Nakamura et al. 1993) has revived interest in the PPUs. For replacement 
of their P-proteins, the SEs must rely on the CCs, from which nuclear 
information must be channeled to the SEs via the PPUs. Two principal 
modes of macromolecular transmission through the PPUs are conceiv- 
able to explain the turnover of P-proteins in the sieve tube sap. Either 
mRNAs or ready-made proteins are transported from CC to SE through 
the PPUs (Gietl and Ziegler 1979). The PPUs must also cycle the amino 
acids which are produced by the permanent breakdown of P-proteins, to 
the CCs. The credibility of a P-protein cycling mechanism is enhanced, 
since ubiquitins, commonly involved in the breakdown of proteins, were 
encountered in the sieve tube sap (Schobert et al. 1995). 

It was established that no ’H-uridin was incorporated into RNA of SEs 
at an advanced stage of development (Neumann and Wollgiehn 1964). 
This is in contrast to cambial SEs, where the tritiated uridin was incor- 
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porated into the nuclear and cytoplasmic RNA. That ’H-phenylalanine 
was found to be incorporated into proteins of the mature SEs, despite 
the apparent absence of RNA turnover, can still be regarded as evidence 
for RNA or protein transport through the PPUs. Supportive of protein 
transport through the PPU is that mRNA was found to be absent in sieve 
tube sap (Gietl and Ziegler 1979). The latter authors allow the possibility 
that mRNA was still present in the ectoplasmic compartment of the SE, 
particularly as RNA had been identified before in the sieve tubes 
(Eschrich and Heyser 1975). 

In favor of protein transport from CC to SE Ada the PPUs is that genes 
of the PP2 lectin occurring in the SEs of pumpkin (Smith et al. 1987) are 
specifically expressed in the CCs (Bostwick et al. 1992). Similarly, the 
PPl gelling polypeptide in pumpkin (Thompson, pers. comm.) and thi- 
oredoxin h in rice phloem (Ishiwatari et al. 1995) are most likely pro- 
duced in the CCs. 



9. Protein and mRNA Movement 

Through Plasmodesmata Between Parenchymatous Cells 

Findings on macromolecular trafficking between parenchymatous cells 
may be helpful to understand the passage of macromolecules through 
the PPUs. In earlier investigations on the exclusion limit of plasmodes- 
mata, the MEL between parenchymatous cells did not appear to be larger 
than 1 kDa (Goodwin 1983; Terry and Robards 1987; Derrick et al. 1992), 
which seemingly excluded trafficking of information-carrying macro- 
molecules between the cells. However, recent observations showed that 
specific macromolecules can move through plasmodesmata or that 
plasmodesmata dilate under certain conditions. 

The movement proteins (MP) of plant viruses have been employed to 
probe the function of the plasmodesmata (Lucas and Gilbertson 1994). 
Even in a purified form, the injected MPs dramatically increase the mo- 
lecular exclusion limit. The MP-induced gating of the plasmodesmata 
permits movement of fluorescent dextran conjugates up to 20 kDa (Wolf 
et al. 1989). The gating of the plasmodesmata turns out to be selective 
and cell-specific. The MPs themselves, having an of 30 kDa, are able 
to move through the plasmodesmata. The induced gating permits the 
movement of 20-kDa dextrans between mesophyll cells, but does not 
allow the movement of these dextrans between trichome cells (Waig- 
mann and Zambryski 1996). 

The absence of RNA encoding the knottedl (KNl) protein in the LI 
layer of maize seedlings, and the presence of the KNl protein in all lay- 
ers (Smith et al. 1992; Jackson et al. 1994) raised the suspicion that the 
KNl protein was able to move through the plasmodesmata. Lucas et al. 
(1995) demonstrated that the KNl protein not only moves between the 
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cells, but also facilitates the movement of other proteins and macro- 
molecular dextrans. Quite surprisingly, the KNl protein permits trans- 
port of KNl sense RNA between the cells. 

One of the many remaining questions is how the macromolecules 
succeed in passing the plasmodesmatal barrier. Recent studies suggest 
that the cytoskeleton is involved in the tracking of the macromolecules 
(Heinlein et al. 1995; McLean et al. 1996). The MPs primarily colocalize 
with the microtubules (Heinlein et al. 1995; McLean et al. 1996) and, to a 
lesser extent, to actin filaments (McLean et al. 1996). The cytoskeleton 
might not only be engaged in the tracking of the proteins, but may also 
participate in the gating of the plasmodesmata. Actin fdaments have 
been observed to cross the plasmodesmata via the cytoplasmic sleeve 
(Ding et al. 1992a; Botha et al. 1993; White et al. 1994). 



10. Differences Between Parenchymatous Plasmodesmata 
and PPUs 

The foregoing findings highlight the versatility of the plasmodesmatal 
trafficking which, moreover, may strongly vary with the cell type. Obvi- 
ously, the observations for parenchymatous plasmodesmata cannot 
simply be projected onto PPUs. The large passageway of the PPUs for 
dextran conjugates under nonmanipulated conditions is evidence that 
the PPU is structurally and functionally different from parenchymatous 
plasmodesmata. 

Features other than the MEL support this view. A remarkable charac- 
teristic of the PPUs is the apparent inability to close. Low-molecular 
fluorochromes move from SE to CC or vice versa after each injection 
(Van der Schoot and Van Bel 1989; Van Bel and Kempers 1991; Oparka 
et al. 1992; Kempers et al. 1993; Van Bel and Van Rijen 1994). This is in 
contrast to the behavior of plasmodesmata between parenchymatous 
cells, which seem to close quite easily in response to dye injection 
probably elicited by the penetration of the microelectrode (Van Kesteren 
et al. 1988; Van der Schoot and Van Bel 1990). 

A strong indication for the disparity between PPUs and the plas- 
modesmata between mesophyll cells is the differential sensitivity to the 
tobacco mosaic virus movement protein (TMV MP). In transgenic 
plants, TMV MP was immunolocalized at the plasmodesmata between 
various nonvascular cells including the plasmodesmata at the interface 
between bundle-sheath and phloem parenchyma (Ding et al. 1992b). A 
TMV MP upregulation of the MEL was observed only between nonvascu- 
lar cells of mature leaves (Ding et al. 1992b). The increase in MEL did 
not seem to be induced at the interface between bundle-sheath and vas- 
cular cells despite the TMV MP attachment to the plasmodesmata there 
(Ding et al. 1992b). Similarly, the development of the plasmodesmata 
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between the mesophyll cells was severely inhibited in the greenish yellow 
sectors of yeast invertase transgenic tobacco plants (Ding et al. 1993). By 
contrast, the development of the plasmodesmata between the vascular 
cells - including those at the bun^e-sheath/phloem parenchyma inter- 
face - was not affected in the chlorophyll-poor regions. 

The special properties of the PPUs may have consequences for the vi- 
ral movement between SE and CC (Citovsky 1993; Lucas et al. 1993). The 
difference between PPUs and parenchymatous plasmodesmata is ex- 
emplified by the behavior of one particular group of viruses, the luteovi- 
ruses. Luteoviruses are transmitted exclusively by aphids and are re- 
leased into the sieve element after stylet penetration. Luteoviruses repli- 
cate only in the phloem tissue, most likely in the CCs (Casper 1988; 
Martin et al. 1990; Miller 1994; Brault et al. 1995). This implies that the 
viruses move - either as the viral genome or as the entire virion - 
through the PPUs. The restriction to the SE/CC-complexes indicated that 
the viruses are unable to pass the plasmodesmatal barrier between CC 
and PP, which once more underlines the special character of the PPUs 
(Hull 1989). 



11. Protein Movement Through the PPU 

As formulated by Zambryski (1995), the molecules to be transported are 
selected on the basis of at least four criteria: size, shape, signal 
(targeting) sequence, and gating function. What can we say about the 
trafficking of nuclear information through the PPUs when confronting 
these criteria with the scanty knowledge on PPU functioning? Do the 
PPUs dispose of a set of tools to enable the passage of macromolecules 
similar to that of the parenchymatous plasmodesmata? 

The special properties may explain the continuous traffic of proteins 
through the PPUs, as postulated by Fisher et al. (1992). Many of the 
more than 150 proteins in the sieve tube sap possess remarkably low 
molecular weights (Fisher et al. 1992; Nakamura et al. 1993; Sakuth et al. 
1993; Schobert et al. 1995). The molecular size is in the same range of the 
MEL of the PPUs predicted by the movement of marcomolecular fluoro- 
chromes (Kempers et al. 1995). One would be close to believing that the 
giant MEL of the PPUs suffices to allow the passive passage of the pro- 
teins, had not several P-proteins M^s far beyond this molecular range. 
The PPl protein in pumpkin has a M^ of about 96 kDa and free exchange 
is to be ruled out for these polypeptides (Bostwick et al. 1992). 

Furthermore, passive passage of proteins through the PPUs may not 
be compatible with a sophisticated protein trafficking. A mechanism for 
controlling protein passage through the PPUs is inferred by the presence 
of chaperone proteins in the sieve tube sap (Schobert et al. 1995; Ishi- 
watari et al. 1995). A chaperonin- aided passage through the PPU would 
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imply that proteins are folded in the sieve tube cytosol after having 
moved in a linear form through the PPU. Alternatively, the chaperone 
proteins might be involved in the passage mechanism itself. 

A nucleic acid-binding protein of 17 kDa, which is necessary for the 
replication process, may play a role in the passage of potato leafroll 
luteovirus through the PPU (Tacke et al. 1991; Rohde et al. 1994). This 
viral protein was postulated to act as a chaperone that shapes the viral 
RNA into complexes capable of passing the PPU (Tacke et al. 1993). It is 
tempting to speculate that chaperones and MPs have similar functions in 
transferring macromolecules through the plasmodesmatal connections. 
The potential interaction between the chaperones and the cytoskeletal 
tracking system is to be investigated. It is dubious whether the passage 
of proteins through the PPUs involves tracking via the cytoskeleton, as 
postulated for the parenchymatous cells. No evidence has been pre- 
sented yet to support cytoskeletal continuity via the PPU and is unlikely 
in view of the absence of cytoskeleton in the SE. 

The size of the PPU in itself would allow mRNA trafficking. During 
the ontogeny of the SE/CC-complex, however, the rough endoplasmic 
reticulum disappears and is replaced by a poorly developed smooth en- 
doplasmic reticulum (Behnke 1990). Given the absence of ribosomes 
(Behnke 1990; Sjolund 1996) and mRNA (Gietl and Ziegler 1979) in ma- 
ture SEs, and the transcription of P-proteins occuring only in the CCs 
(Bostwick et al. 1992; Ishiwatari et al. 1995), mRNA transfer via the PPUs 
seems unlikely at first sight. In view of the surprises that plasmodes- 
matal physiology has presented us over the past years, it might be 
shortsighted to rule out definitively mRNA transfer through the PPU. 
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C. Genetics 

I. Replication: Arrest of Prokaryotic DNA Replication 

By Ellen L. Zechner 



1. Introduction 

DNA replication can be separated into three distinct steps: initiation at 
an origin of replication, elongation, and termination. The vast majority 
of studies of DNA replication in prokaryotic and eukaryotic systems 
have been dedicated to understanding the nature and regulation of the 
events occurring at replication origins and to characterizing established 
elongating replication forks. In recent years, interest in termination of 
replication in prokaryotic systems has increased because of the potential 
role of this process as a coordinating link between the conclusion of a 
cycle of DNA replication and the onset of cell division. In E. coli cells, 
DNA replication initiates at a unique origin, oriC, and proceeds bidirec- 
tionally around the circular chromosome. The opposing replication 
forks meet roughtly 180° away from oriC in the terminus region, terC 
(Bird et al. 1972; Prescott and Kuempel 1972), While it remains possible 
that replication is terminated simply when the two replication forks col- 
lide, a specific mechanism that promotes the accurate completion of 
replication in preparation for the topological separation of the daughter 
chromosomes and their partition at cell division seems more likely. The 
discovery that replication could be specifically delayed in the terminus 
region of E. coli (Kuempel et al. 1977; Louarn et d. 1979) is more in 
keeping with the expectations of a specific termination mechanism. As a 
result of the past decade of research, it is now clear that in most pro- 
karyotic systems the terminus is not an unspecific region that owes its 
functional importance simply to its position opposite the replication 
origin, but instead is one containing specific sequence elements that 
mediate precisely controlled termination events. 

Heightened interest in replication termination is due not only to 
rapid progress in the characterization of the sites of termination found 
on bacterial chromosomes and plasmids, but also to the significant ad- 
vances made towards understanding how the progression of replication 
forks is stopped at these sites. Replication arrest has been particularly 
well studied in Escherichia coli, Bacillus subtilis, and for the autono- 
mously replicating plasmid of Gram-negative bacteria, R6K, The 
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boundaries of the terminus region are determined by two nonpalin- 
dromic sites that are bound specifically by a replication terminator pro- 
tein. These protein-DNA complexes have the interesting property that 
their function is polar. Replication forks traveling from the origin to the 
terminus are permitted to pass unimpeded into the terminus region. The 
same complexes, however, can block progression of forks moving be- 
yond the terminus in the direction of the origin. Essentially, then, the 
two terminator protein-DNA complexes serve as one-way gates allowing 
replication forks to enter the termination zone but not to exit. The proc- 
ess ensures that the two forks starting at the origin fuse precisely within 
the terminus. The replication arrest activity of the DNA-bound termina- 
tor protein results from the unique ability of the complex to inhibit rep- 
licative DNA helicases. DNA helicases use the energy of ATP hydrolysis 
to unwind duplex DNA. They are probably positioned at the head of the 
replication fork opening the DNA in front of the polymerase. 

This chapter addresses just one aspect of replication termination, the 
inhibition of replication fork progression at specific termination sites. 
That termination of DNA replication and replication arrest are not 
equivalent has been demonstrated most clearly in strains lacking either 
the gene for the DNA-binding terminator protein or the termination 
sites themselves. In these cells, termination of replication occurs in the 
apparent absence of a functional replication arrest system. While repli- 
cation arrest is nonessential, the importance of this process is made ap- 
parent by the similarity of the components of the E. coli and S. ty- 
phimurium systems (Roecklein et al. 1991) and the existence of different 
but functionally analogous systems found in an increasing munber of 
other organisms. 

For recent reviews of replication arrest and other aspects of replication termination, 
readers are directed to the following sources: Hill 1992, 1996; Yoshikawa and Wake 1993; 
Baker 1995; Schmid 1996. 



2. Bacillus subtilis 
a) The Replication Terminus 

Much of the crucial early work on replication arrest was carried out in 
Bacillus subtilis (Weiss et al. 1981; Weiss and Wake 1983, 1984a, b). Bidi- 
rectional replication of the chromosome of this Gram-positive, spore- 
forming bacterium initiates at a unique origin and ends when the two 
replication forks meet 180° around the chromosome in a region desig- 
nated the chromosomal terminus, terC. A hint of the interesting proper- 
ties harbored by this region was revealed when it was observed that 
termination of chromosomal replication in a B. subtilis merodiploid 
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Fig. 1. The replication termination region of the B. subtilis chromosome. The clockwise 
replication fork approaches the terminus region from the right, proceeds through the rtp 
gene, encoding the terminator protein, RTP, and is arrested in the vicinity of the IRR. 
The IRR contains two imperfect inverted repeats black arrows, IRI (47 bp) and IRII 
(48 bp), separated by 59 bp. The boxed region depicted underneath the terminus region 
shows sequence features of the IRI terminator of B. subtilits 168. The core B and auxiliary 
A binding sites for RTP are centered over 8 bp direct repeats gray arrows. Leading strand 
synthesis at the clockwise fork is arrested to the right of B within the bracketed region. 
The -10 region of the rtp promoter is underlined in the top strand 



Strain carrying a nontandem duplication of 25% of one arm of the 
chromosome (O’Sullivan and Anagnostopoulos 1982) still occurred at 
the terC locus although the site was no longer positioned directly oppo- 
site oriC, but was shifted considerably closer to oriC on the clockwise 
replicated arm of the chromosome (Weiss and Wake 1984b). It was pro- 
posed that a replication fork moving clockwise on the chromosome ar- 
rives at terC and is inhibited from progressing further. The stalled repli- 
cation machinery waits at terC until the second fork arrives from the 
opposite direction approximately 5 min later (Weiss and Wake 1983). 
Detailed analyses of the physical map of terC eventually identified 
within the region of replication inhibition two large imperfect inverted 
repeats of 47-48 nucleotides (Carrigan et al. 1987). These inverted re- 
peats, designated IR I and IR II, share 77% identity and are separated by 
59 nucleotides. This 154-bp area of the terminus is, therefore, generally 
referred to as the inverted repeat region, IRR (Fig. 1). More precise 
structure-function analyses of the inverted repeats have shown that the 
47 bp IR I terminator contains two adjacent binding sites (A and B) 
(Lewis et al. 1990; Langley et al. 1993) for the B. subtilis replication ter- 
minator protein, RTP (Lewis et al. 1989; Williams and Wake 1989). A 
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and B are centered over 8-bp direct repeats with the consensus 
(ACTAAATA) determined from two B. subtilis strains, 168 and W23 
(Lewis and Wake 1989; Lewis et al. 1990). When the RTF is bound to 
these sites replication machinery approaching in the clockwise direction 
(from the right, as depicted in Fig. 1) will be halted just proximal to the B 
site (Bruand et al. 1991) and DNA synthesis stops. Before being arrested 
the replication fork passes through the rtp gene (see below) and IR II. IR 
II similarly contains two 8-bp sites of RTP binding. 



b) The Inverted Repeat Region and RTP 

Purified RTP has an apparent molecular mass of 14 500 (Lewis and 
Wake 1989; Lewis et al. 1990) in agreement with the predicted size of an 
RTP monomer. The native configuration of RTP in solution is dimeric 
(Lewis et al. 1990). Gel retardation assays using purified RTP and an 
isolated DNA fragment containing the IRR resulted in formation of four 
complexes reflecting the two RTP-binding sites found in each of the two 
inverted repeats. An average of 1 x 10'“ M for a single RTP:IRR inter- 
action was determined, indicating a strong affinity of RTP for its binding 
sites. Further stoichiometric studies (Lewis et al. 1990) and biochemical 
analyses (Kralicek et al. 1991) indicate that each site is occupied by an 
RTP dimer. The order of binding of RTP to the various sites of IRR is 
concentration-dependent, meaning that the sites are not fully equiva- 
lent. The interactions of RTP with IR I have been characterized (Langley 
et al. 1993). RTP fills the B site first; a prerequisite for the cooperative 
binding of an RTP dimer at the immediately adjacent A site. The A site 
alone binds RTP poorly. Because RTP dimers exhibit differential affinity 
for the A and B site of an IR, B is often referred to as the core site and A 
as an auxiliary site. Both are needed for termination (Smith et al. 1994). 
The expanse of nucleotides recognized by RTP at sites A and B of IR I is 
greater than the 8-bp consensus sequence. Terminator protein-DNA 
contacts span positions 1-18 at A and 12-30 at B (Langley et al. 1993). A 
minimum 18-bp sequence encompassing site B is required for RTP- 
binding activity (Metha et al. 1992). 

An interesting aspect of terC organization in B. subtilis is that the rtp 
gene is immediately adjacent to IR II. In fact, IR I and IR II lie between 
the promoter and the start codon of the rtp gene. As expected from such 
a structural arrangement (Smith et al. 1988), expression of the rtp gene is 
autoregulated. An established function of RTP binding to the A site of 
IR I is to effect this autoregulation (Ahn et al. 1993). The -10 region of 
the rtp promoter is shown in Fig. 1. Occupation of the auxiliary site by 
RTP would prevent recognition of this site by RNA polymerase. 




296 



Genetics 



c) RTP-Mediated Arrest of Replication 

Steps towards understanding the replication arrest activity of RTF in 
vivo have been made (Carrigan et al. 1991; Smith and Wake 1992), but 
the lack of an in vitro replication system in B. subtilis has slowed a clear 
definition of the molecular mechanism of fork arrest. This obstacle to 
understanding arrest in B. subtilis has been partially overcome by the 
discovery that a B. subtilis RTP:terminator complex can arrest replica- 
tion in vivo and in vitro in the Gram-negative E. coli system (Kaul et al. 
1994; Young and Wake 1994). This surrogate in vitro system has been 
used to evaluate the nature of the RTP-terminator DNA interactions that 
enable the complex to elicit polar contrahelicase activity against the 
E. coli DnaB helicase (Kaul et al. 1994; Sahoo et al. 1995). The conclu- 
sions of these in vitro studies, taken together with the work done in the 
laboratory of R. G. Wake, combine to create the following picture. Two 
RTP dimers must bind cooperatively to the overlapping core and auxil- 
iary sequences of the termination site. Occupation of a core sequence by 
one RTP dimer is insufficient for arrest. Additionally, arrest is depend- 
ent on the orientation of the two sites, suggesting that a specific stereo- 
chemical interaction between the RTP dimers is essential. It is thought 
that the contrahelicase activity of the RTP:terminator complex blocks 
DNA unwinding rather than just translocation of the helicase of the 
DNA. 

The prospects for elucidating the biological function of RTP have been significantly 
facilitated by the recent publication of the protein’s crystal structure (Bussiere et al. 
1995). The availability of this information enables a correlated structural and functional 
analysis of RTP at very high resolution. A wealth of detail concerning protein-protein 
and protein-DNA contacts are emerging as a result (Sahoo et al. 1995). Interested readers 
are encouraged to consult these publications directly. 



3. Escherichia coli 

a) Termination Sites in the Chromosome 

The concept of a replication terminus in E. coli was first advanced by 
Masters and Broda (1971) and Bird et al. (1972). Studies of the ca. 400-kb 
terC region carried out in the late 1970’s showed that an activity capable 
of inhibiting the movement of replication forks was localized between 
the trp (min 28) and manA (min 36) loci (Kuempel and Duerr 1979; 
Kuempel et al. 1977; 1978; Louarn et al. 1977, 1979). Initially, only two 
sites of replication arrest were identified, TerA and TerB, which are 
separated by 7.5 min (ca. 350 kb) on the genetic map and together define 
the borders of the terminus region. Inhibition of replication fork pro- 
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gression in E. coli was also found to be polar, that is a site of replication 
arrest, generally called a Ter site (Bachmann 1990), can stop a replica- 
tion fork traveling in one direction but not the other. Specifically repli- 
cation was allowed to pass unimpeded in the origin-to-terminus direc- 
tion but was blocked once the replication fork traversed the terminus 
region and would begin to replicate in the terminus-to-origin direction 
(deMassy et al. 1987; Hill et al. 1987). Subsequently, additional Ter sites 
were identified in and around the region defined by TerA and TerB (Hill 
et al. 1988b; Horiuchi and Hidaka 1988; Hidaka et al. 1988, 1991; Fran- 
cios et al. 1989; Sharma and Hill 1992). In each instance, the Ter site is 
oriented to impede terminus-to-origin replication. The six identified Ter 
sites are arranged asymmetrically over 25% of the E. coli chromosome. 
The cluster of TerA (min 2S)-TerD (min Tl)-TerE (min 23) is positioned 
to halt counterclockwise replication, and that of TerC (min 33)-TerB 
(min 36)-TerF (min 48) is positioned to arrest clockwise replication. This 



Chromosomal 

E.coli 



TerA AATTAGTATGTTGTAACTAAAGT 



TerB AATAA-TA AAGT 

TerC ATATA-GA ATAT 

TerD CATTA-TA AATG 

TerE TTAAA-TA AGNN 

TerF CCTTC-TA G-CGAT 



S.typhimurium 

TerA A T T A A - T A 

Ter(amyA) G A T G A - T A 

Plasmid 



RBKterRI CTCTT-TG AATC 

R6KterR2 CTATT-AG CTAG 

RIOOJerRt ATTAT-AA CTTC 

R100rerR2 TGTCT-AG AAGC 

RIferRJ ATTAT-AA CATC 

R1ferR2 TTTTT TG AAGT 

P307 ATTAT - AA - CATT 



AAGC 

AATG 



Consensus 



A A A A A A 

NN G TGTTGTAACTA NNN 

T T T T G C 



Position 



5 



10 



15 



20 



Fig. 2. Comparison of known Ter sequences from the E, coli and S, typhimurium chromo- 
somes and other replicons. Nucleotides identical to the derived consensus sequence are 
indicated by dashes, and nonidentical nucleotides are replaced by the substituted nu- 
cleotide. As presented, the Ter sites will arrest replication forks approaching from the 5’ 
side but allow replication forks approaching from the 3’ side to pass unimpeded 
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arrangement is clearly distinct from that of terC in B. subtilis. The two 
widely spaced clusters of Ter sites exhibiting polar replication inhibition 
form, in essence, a replication fork trap, permissive for entry but not exit 
from this region. 

The Ter sites of E. coli, nonpalindromic 22 to 23 bp sequences, are 
depicted in Fig. 2. The lack of dyad symmetry, commonly found in other 
DNA-binding sites (Pabo and Sauer 1984), confers directionality to the 
sequences. The inverted orientation of two sites in the chromosome, 
therefore, can account for the polarity of replication arrest which is ob- 
served. 



b) Ter Sites in Plasmids 

Sites of replication arrest have also been identified in several plasmids of 
Gram-negative bacteria. The best-characterized plasmid replication 
terminus is terR of R6K (Lovett et al. 1975; Crosa et al. 1976; Kolter and 
Helinski 1978). Bastia et al. (1981) located terR within a small Alul DNA 
restriction fragment and determined its sequence. Two highly homolo- 
gous 22-bp inverted repeats are present in terR separated by 73 bp (Car- 
rigan et al. 1987), making the R6K terminus more similar in structure to 
the B. subtilis terminus, where the inverted repeats are separated by 
59 bp, than the E. coli terminus, where the two Ter clusters are 270 kb 
apart. The two 20-bp core sequences, named variously TerRl and TerR2 
or and (Sista et al. 1989), function separately as termini and dem- 
onstrate polar replication inhibition when introduced individually to 
ColEl plasmids (Horiuchi and Hidaka 1988). 

Ter sites are also found in the F-like family of plasmids (Horiuchi and 
Hidaka 1988; Hill et al. 1988b). Interestingly, unlike R6K, the somewhat 
smaller Ter sites of these replicons are located in very close proximity to 
the origin of replication. Analysis of the mode of replication initiation of 
plasmid RlOO, however, determined that the start of leading strand syn- 
thesis is about 600 nt downstream, effectively bypassing the Ter sites 
altogether (Miyazaki et al. 1988). The role of the Ter sites in this family 
of replicons remains unclear, although deletion of the region containing 
TerRl of plasmid RlOO leads to the formation of plasmid multimers 
(Ohtsubo et al. 1982). 

Ter sequences from the E. coli chromosome, the S. typhimurium 
chromosome, and from plasmids are compared in Fig. 2. The derived 
consensus is additionally shown. Although 22 to 23 bp have been re- 
ported as the length of the Ter sites, the truly invariant nucleotides are 
limited to the G residue at position 6 and the 11 -bp sequence between 
residues 9 through 19; the single exception being TerF with a G substitu- 
tion at position 18. The four nucleotides upstream of the core sequences 
(pos. 2-5) are variable and are not protected by Tus binding; however. 
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they are generally A/T-rich and may influence the binding or activity of 
Tus. Composition of the regions flanking a Ter site may also affect repli- 
cation arrest activity (Bierne et al. 1994). 

Interestingly, Ter sites are located primarily in intergenic regions where transcriptional 
activity is lowest. This is unlikely to be happenstance, as a Ter site is capable of inhibiting 
transcription (Roecklein and Kuempel 1992). Not surprisingly, the barrier to transcrip- 
tion is dependent on the orientation of the Ter site relative to the direction of RNA po- 
lymerization. RNA polymerase (RNAP) function is blocked if transcription proceeds 
towards an arrest-oriented site. Interestingly, if RNAP approaches from the permissive 
direction, transcription can proceed uninhibited. Whether this results in the displace- 
ment of Tus and a reduction in arrest efficiency remains uncertain. It is noteworthy that 
sites of replication arrest found in intergenic regions are apparently protected from 
transcriptional interference by the presence of Rho-independent transcription termina- 
tors on the permissive side of the sites (Hidaka et al. 1988). 



c) The Tus Protein 

The E. coli termination utilization substance, Tus, was identified as a 
factor which mapped in the vicinity of TerB but which was required in 
trans for replication arrest 350 kb away at TerA (Hill et al. 1988a). The 
tus gene was rapidly characterized and found to encode a DNA-binding 
protein which associated with the terminator signal sequences of E. coli 
(Hill et al. 1989) and plasmids R6K and RlOO (Hidaka et al. 1989; Khatri 
et al. 1989; Kobayashi et al. 1989; Pelletier et al. 1989; Sista et al. 1989), 
resulting in a block of DNA replication at those sites. Interestingly, the 
-10 region and the ribosome-binding site of the tus gene are overlapped 
by the TerB site. Clearly, this arrangement resembles that of the rtp gene 
of B. subtilis where a RTP-binding IR lies between the promoter and 
coding sequences of the rtp gene. Analogously, Tus binding to the TerB 
site autoregulates the expression of the tus gene by limiting access of 
RNA polymerase to the tus promoter (Hidaka et al. 1989; Natarajan et al. 
1991; Roecklein et al. 1991; Roecklein and Kuempel 1992). The high af- 
finity of the Tus protein for the TerB site (see below) and the stability of 
the protein-DNA complex suggested that the intracellular concentration 
of Tus should be relatively low, with estimates of fewer than 100 copies 
per cell (Natarajan et al. 1993). In addition, tus gene expression may be 
cell-cycle-regulated, since expression of the tus gene should presumably 
occur only after replication forks have passed through that region of the 
chromosome and are about to complete the replication cycle (Gottlieb et 
al. 1992). 

Determination of the nucleotide sequence of the tus gene (Hill et al. 
1989) and purification of the 36-kDa Tus protein (Hidaka et al. 1989; 
Khatri et al. 1989; Hill and Marians 1990; Lee and Kornberg 1992) have 
enabled characterization of the tus product. Surprisingly, the native 
protein has an isoelectric point of 7.5, which is significantly different 
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from the value of pH 10.1 calculated from its amino acid sequence 
(Coskun-Ari et al. 1994). The 309 amino acid Tus protein is quite dis- 
similar to its 122 amino acid counterpart in B. subtilis, RTF. There is 
very little primary sequence similarity between the two (22% identity 
and a 40% similarity). The predicted Tus protein also does not contain 
any of the consensus amino acid sequences for common DNA-binding 
protein motifs such as the helix-turn-helix, zinc finger, or leucine zipper 
(Hill et al. 1989). Tus exists as a monomeric protein in solution and 
when complexed with its cognate DNA-binding site (Sista et al. 1991; 
Coskun-Ari et al. 1994). 



d) Tus and the Terminators 

Formation of a polar DNA replication barrier requires that Tus protein 
binds to a 23-bp Ter site on the DNA (Hill et al. 1989; Khatri et al. 1989; 
Kobayashi et al. 1989; Sista et al. 1989). Mutations in Ter sites that pre- 
vent the binding of Tus also result in a loss of termination activity of the 
DNA (Sista et al. 1989). Tus exhibits a high affinity for the Ter sequence 
and a remarkable stability once bound (Sista et al. 1991; Gottlieb et al. 
1992). If the in vitro measurements (see below) reflect binding in vivo, 
then even at low cellular concentrations of Tus, all Ter sites in the cell 
should be occupied. 

The thermodynamic and kinetic constants of the binding of Tus protein to three different 
Ter sites have been reported (Gottlieb et al. 1992; Sharma and Hill 1992). The measured 
equilibrium binding constants (K„) for the chromosomal sites TerB and TerF were 

3.4 X 10'" M and 1.1 x 10''^ M, respectively (50 mM Tris-Cl, 150 mM potassium glutamate, 
25 °C, pH 7.5, 0.1 mM DTT, 0.1 mM EDTA, and 100 pg/ml BSA). Kinetic measurements in 
the same buffer revealed that the Tus-Ter complex was very stable with a half-life of 
550 min, a dissociation rate constant of 2.1 x 10 s"', and an association rate constant of 

1.4 X lO" M‘'s''. Similar measurements of Tus protein binding to the TerR2 site of plasmid 
R6K showed a 30-fold lower affinity, owing primarily to a more rapid dissociation con- 
stant. With a half-life of 47 min, the Tus- Terf complex is equivalent in stability to the 
Tus- TerR2 complex and is ca. tenfold less stable than Tus-TerB. 

Exploration of the protein-DNA contacts of the Tus-TerB interaction by 
these authors revealed extensive contacts between the Tus protein and 
DNA distributed over a 17-bp segment that included the 11 -bp core re- 
gion (T’ to a”) of TerB and the conserved G residue (G‘) which are 
common to all Ter sites. This high-resolution footprinting data indicated 
that the protein was arranged asymmetrically on the DNA in contrast to 
the symmetrical association typically observed for DNA-binding pro- 
teins in general (Gottlieb et al. 1992). The asymmetric pattern of Tus-Ter 
binding accounts for the polarity of function observed for this complex. 
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4. Helicase Inhibition and the Mechanism of Replication Arrest 



As we have seen for B. subtilis and for E. coli, an important feature of the 
replication arrest activity of the terminator protein-DNA complex is the 
high affinity of the protein for the terminus. The bimolecular complex 
creates steric hindrance to the passage of a moving replication fork. This 
general barrier alone, however, was thought to be mechanistically insuf- 
ficient to arrest a moving replisome in vivo. Tus and RTP are the only 
DNA-binding proteins capable of halting DNA replication in E. coli. 
Additionally, steric hindrance was difficult to reconcile with the polar 
nature of the block. Consequently, it was anticipated that a second es- 
sential element of arrest activity would be the ability of the complex to 
mediate biochemically an inhibition of replication fork movement via 
specific protein-protein contacts (Khatri et al. 1989). Probable candi- 
dates for this inhibiting interaction within the multienzyme complex 
that comprises the replication fork were the DNA polymerase III 
holoenzyme and the DnaB helicase. The notion of a specific protein- 
protein inhibition of replication was supported by the footprinting 
analysis of Tus- Ter complexes described above (Sista et al. 1991; Gottlieb 
et al. 1992), which revealed an asymmetric binding of Tus to the DNA. 
More protein-DNA contacts are present on the blocking side of the 
complex than on the permissive side. Several subsequent studies using 
purified proteins to reconstitute replication forks in vitro on plasmids 
led to the conclusion that the mechanism of replication fork arrest elic- 
ited by Tus- Ter complexes was an inhibition of the DNA-unwinding 
activity of DNA helicases (Hidaka et al. 1989; Khatri et al. 1989; Lee et al. 
1989; Hill and Marians 1990; Lee and Kornberg 1992). The ability of Tus 
to catalyze inhibition of several helicases of E. coli was demonstrated 
(Khatri et al. 1989; Lee et al. 1989; Hidaka et al. 1992; Hiasa and Marians 
1992). Eukaryotic helicases, including helicase B of mouse cells and SV40 
T-antigen, were also shown to be halted by a Tus-Ter complex in similar 
experiments (Bedrosian and Bastia 1991; Hidaka et al. 1992). In addi- 
tion, it was shown that a Tus-Ter complex prevented strand displace- 
ment (a helicase- independent melting of the duplex) by DNA po- 
lymerases such as the E. coli DNA polymerase I, and those encoded by 
bacteriophages T5 and T7 (Lee and Kornberg 1992). The effect of Tus- 
Ter on the DNA polymerases was orientation independent suggesting 
that binding alone was responsible. These data support the "barrier" 
hypothesis, that is that the molecular basis of the ability of the protein to 
halt replication is that Tus simply acts as a directional DNA clamp that 
prevents the passage of proteins translocating along the DNA (Lee et al. 
1989). 

Support for a specific protein-protein interaction as the basis for rep- 
lication arrest has also been obtained. Firstly, not all helicases tested 
have been affected by Tus in vitro, including UvrD (Hiasa and Marians 
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1992) and the Dda helicase of bacteriophage T4 (Bedrosian and Bastia 
1991). Secondly, Natarajan and coworkers (1993) have identified a 
27-kDa protein of E. coli that inhibits the replication arrest activity of a 
Tus- Ter complex in vitro. The antitermination protein also abrogates the 
contrahelicase activity such that DnaB helicase can unwind DNA beyond 
a complex of Tus bound to the R6K TerR sequence. The mechanism of 
the antitermination activity of the protein remains unclear. It is known 
that the protein binds DNA in a relatively sequence-nonspecific manner. 
Intriguingly, although the protein binds to quite short DNA restriction 
fragments containing a Ter site, the association neither prevents Tus 
from binding nor displaces prebound Tus from the DNA. The latter 
finding is significant in that it again provokes discussion of what the real 
mechanism of Tus-Ter-mediated replication arrest is. The continued 
existence of the Tus-DNA complex in the presence of the antitermina- 
tion protein when contrahelicase and replication arrest activities are 
severly impaired suggests that a simple steric hindrance model of 
helicase inhibition is less likely. Thirdly, the judicious selection of 
helicase substrates used in the study of Hiasa and Marians (1992) casts 
doubt on the ability of the standard helicase assay, used to survey the 
helicases mentioned above, to measure Tus function accurately. These 
authors observed that when a short (60-nt) oligonucleotide substrate was 
used, a Tus-TerB complex could halt DnaB in an orientation-dependent 
manner. When, however, the length of the oligonucleotide was increased 
to 250 bp, the Tus-Ter complex failed to impede the unwinding activity 
of DnaB in either orientation. This result indicated that the short oli- 
gonucleotide substrate could be used to score strand displacement but 
not bona fide DNA-unwinding activity. Additionally, failure of Tus-TerB 
to halt DnaB on elongated substrates when it was indeed capable of in- 
hibiting a (j)X174-type primosome (a multienzyme replication complex 
containing seven E. coli gene products including helicases DnaB and 
PriA) provided compelling evidence that protein-protein interactions 
are a necessary component of the replication arrest activity of Tus. 

Corroborative evidence indicating that the standard DnaB helicase 
assay is an unsuitable measure of Tus activity was obtained by Skokotas 
et al. (1994). This work showed that, although a particular mutant form 
of the Tus protein inhibited DnaB helicase activity in vitro with only 
18% of the wild- type efficiency, the same mutant protein could arrest 
replication in vivo with 75% of the efficiency of wild-type Tus. Interest- 
ingly, this mutant Tus protein exhibited an affinity for the TerB site 2 
orders of magnitude lower than wild- type Tus and reduced stability on 
the DNA yet, as mentioned above, this mutant protein mediated repli- 
cation arrest in vivo with a relatively high efficiency. Failure of the re- 
duced affinity for TerB to lead to a corresponding diminution in arrest 
activity argues against the premise that binding alone is responsible for 
the inhibition of DNA replication. 
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An additional class of mutant Tus proteins has been identified 
(Skokotas et al. 1995) that strengthens the model that Tus mediates rep- 
lication arrest through specific protein-protein interactions. This class of 
mutants demonstrates more normal binding affinities for Ter DNA yet 
elicts a markedly reduced ability to halt DNA replication forks. A par- 
ticularly interesting mutant of this type is TusE49K, which shows poor 
replication arrest activity yet has a half-life for the Tus- Ter complex that 
is even greater than that of the wild type. This strongly suggests that 
binding of Tus to the terminator alone is insufficient to halt Ae move- 
ment of replication forks. 



5. Conclusions 

1. Replication arrest is one of several processes leading to the successful 
completion of replication of bacterial chromosomes. In essence, a spe- 
cific terminus region exists on the circular chromosome roughly oppo- 
site to the origin of replication. This region can be quite large (ca. 
400 000 bp in E. coli) or quite small (ca. 200 bp in B. subtilis). Borders of 
the terminus are defined by sites or clusters of sites which bind with high 
affinity a specific replication terminator protein. These DNA-protein 
complexes allow replication forks to enter the terminus region but can 
arrest the progression of a replisome when it is oriented to exit the ter- 
minus. The means by which the terminator protein-DNA complex in- 
hibits movement of the replisome is not certain, but is verly likely to be 
caused by specific contacts between the terminator protein and the DNA 
helicase present in the replication machinery. 

2. The description of the components of the replication arrest systems 
presented in these pages may give the impression that inhibition of rep- 
lication fork movement is carried out by terminator-DNA complexes 
with military precision. In the cell, however, it is more likely that inhibi- 
tion of replication fork progression occurs with a certain flexibility. 
Studies in vitro using purified E. coli proteins show that replication cy- 
cles end with both replication forks stalled at one or the other Ter site 
(Hiasa and Marians 1994). The first fork to arrive at an active Ter site is 
stalled and waits for the opposite fork to reach the same site. This oppos- 
ing fork terminates here rather than progressing further until reaching 
the first Ter site actively oriented for its own directional movement. Per- 
haps the stalled replication apparatus represents an impassable barrier. 
The result is that each segment of the chromosome is replicated exactly 
once. (The alternative is that the DNA lying between the two sites would 
be replicated twice.) Conversely, TerA, TerB and TerC are all known to 
be utilized frequently in vivo to end a replication cycle (Hill 1996), sug- 
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gesting that replisomes sometimes pass by actively oriented Ter sites 
before being stopped at a distal site. 

Events following replication arrest remain mysterious. The fate of 
stalled replication forks has not been well characterized. Arrest can be 
transient. Renewed synthesis from active termini has been observed in a 
number of systems. A more probable fate is dissociation. 

Studies have demonstrated that when progression of a replication fork is blocked, the 
half-life of the replisome is approximately 5 min (Skokotas et al. 1995). It is not known 
how this rate of dissociation compares with that of forks paused elsewhere on the chro- 
mosome. Perhaps forks stalled at Ter sites are actively disassembled. 

3. If protein-mediated replication arrest is dispensible, why have these 
systems evolved? As we have seen, this remains an open question. Part of 
the answer may be the efficency of replication proteins themselves. Rep- 
lication forks in E. coli represent very efficient machines moving along 
the template synthesizing DNA at a rate of 1000 bp/s for as long as 
40 min at a time (one cycle of chromosomal replication). The head-on 
collision of two such high-performance machines may not suffice to 
efficiently deactivate them. Recent experiments suggest that an impor- 
tant function of replication arrest systems is to prevent overreplication 
(Hiasa and Marians 1994). Absence of an arrest system during plasmid 
replication in vitro can result in abnormal modes of replication and 
multimer formation. These aberrant products do not form in vitro if a 
Tus- Ter complex is available to antagonize the activity of DnaB. 

Although not essential, the evolutionary usefulness of replication ar- 
rest systems is indicated by the similarity of the termination sequences 
and terminator proteins found in E. coli and S. typhimurium and by the 
existence of these systems (or components thereof) in a variety of organ- 
isms including Gram-positive bacteria, animal viruses (Gahn and 
Schildkraut 1989), yeast, and animal cells (Handeli et al. 1989). 

Replication arrest has been observed in centromeres (Greenfelder and Newlon 1992) and 
in the rDNA (Brewer and Fangman 1988; Kobayashi et al. 1992; Linskens and Huberman 
1988) of the yeast Saccharomyces cerevisiacy and some evidence has been found to impli- 
cate specific protein-DNA complexes in the inhibition of replication (Brewer et al. 1992; 
Greenfeder and Newlon 1992). Replication pausing has also been connected with se- 
quences within the rDNA of peas (Hernandez et al. 1988) and humans (Little et al. 1993). 
Finally, termination-associated sequences in bovine mitrochondria also mediate replica- 
tion arrest apparently in conjunction with a trans-acting factor (Masden et al. 1993). 

As we now understand it, the principal gain to the organism afforded by 
the bacterial arrest systems, at least, it to limit the final events of repli- 
cation specifically to the terminus region. The likelihood of overreplica- 
tion is diminished and the terminal processes leading to separation of 
the chromosome are facilitated. 
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II. Recombination: Meiotic Recombination in Fungi' 

By H. Rohr, U. Kiies, and U. Stahl 



1. Introduction 

New combinations of genetic material are generated by the molecular 
process of genetic recombination. Recombination can affect all types of 
DNA: nuclear (mitosis and meiosis), organellar and plasmid DNA. Mi- 
totic recombination is rare compared to meiotic recombination and 
appears to involve a less complex process (Esposito et al. 1994; Shino- 
hara and Ogawa 1995), but both types of recombination are thought to 
be connected in one way or another to DNA repair (Bernstein and Bern- 
stein 1991; Moens 1994; Friedberg et al. 1995; Zolan et al. 1995). 

Meiosis precedes karyogamy and leads to reduction of the nuclear 
genome from a diploid to a haploid state. Meiosis comprises two suc- 
cessive nuclear divisions. The first division (meiosis I) is the reductional 
division. Homologous chromosomes pair and undergo high levels of 
recombination before they separate and move to the opposite spindle 
poles. The second division, equational division (meiosis II), resembles 
mitosis and separates sister chromatids from one the other (Alberts et al. 
1994). The cytological process of meiosis was established decades ago. 
Here, we intend to combine this cytological knowledge with data on re- 
combination during meiosis obtained from genetic and molecular stud- 
ies. 

The first meiotic division is cytologically subdivided into prophase I (condensation of 
chromosomes, chromosome paring, formation of the synaptonemal complex and cross- 
ing-over) metaphase I (arrangement of paired chromosomes at the equatorial plate), 
anaphase I (total separation of the bivalents, migration to the poles), and telophase I 
(formation of two nuclei). The most important step in meiosis is prophase I, which is 
classified by the five steps leptotene (chromosome condensation and alignment), zy- 
gotene (synapsis), pachytene (appearance of recombination nodules), diplotene 
(desynapsis), and diakinesis (transition to metaphase; Alberts et al. 1994; see Fig. 1). 



' This chapter is dedicated to Prof. Franz J. Schwinn, who introduced many young scien- 
tists into the fascinating world of fungi, and who gave his friendship, encouragement, 
and advice to UK in writing this review, in studying fungi, and in teaching mycology. 
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Interphase Leptotene Zygotene Pachytene Dlplotene Diakinesis 




Synaptonemfil comptex 



Fig. 1. Pairing of homologous chromosomes and the formation of the synaptonemal 
complex in prophase I. The five stages of prophase I are illustrated from left to right. 
(After Giroux 1988; Alberts et al. 1994) 



Reduction is one aspect of meiosis; another is the generating of new 
genotypes by independent assortment of chromosomes and by crossing- 
over (inter- and intrachromosomal recombination). DNA segments may 
be exchanged between two homologous chromosomes in prophase I 
during the formation of the synaptonemal complex (SC) when homolo- 
gous chromosomes are brought together (Giroux 1988; Loidl 1994). 
Meiosis is controlled by many different genes as in the decision to enter 
the sexual cycle which is, e.g., in S. cerevisiae, regulated by mating-type 
control (Klein et al. 1994) and nutritional control (Malone 1990). 

Recombination events during meiosis may lead not only to regular 
(Mendelian) segregation but also to aberrant segregation patterns (non- 
Mendelian segregation). Both types require extensive stretches of DNA 
homology between participating molecules. This homologous recombi- 
nation can be distinguished in cross-over recombination, which is the 
reciprocal exchange of sequences, and the nonreciprocal transfer of ge- 
netic information, which is called conversion (Fig. 2A). Both events may 
be scored in new combinations of inheritable traits (marker genes). 

Cross-over recombination generates two types of recombination chromosomes, whereas 
nonreciprocal transfer leads to either one or the other recombinant chromosome and 
two copies of one of the parental chromosomes (Fig. 2A). 

Many eukaryotic organisms such as plants (maize: Maguire 1968), ani- 
mals {Drosophila: Grell 1973; grasshoppers: Church and Wimber 1969; 
Peacock 1970), and especially fungi (e.g., Ascobolus immersus: Lissouba 
and Rizet 1960; Leblon 1972; Aspergillus nidulans: Strickland 1958; Pees 
1968; Coprinus cinereus: Lu 1996; Neurospora crassa: Mitchell 1955; 
Catcheside 1966; Saccharomyces cerevisiae: Lindegren 1953; Schizosac- 
charomyces pombe: Leupold 1959; Sordaria sp.: Olive 1959, Sand and 
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Whitehouse 1979; Ustilago maydis: Holliday 1967) have been classical 
objects in studying recombination during meiosis. 

Fungi are especially useful because of the extended haploid stages in 
their life cycles and the ease in following patterns of inheritance in large 
numbers of meiotic events. In fungi, all four chromosomal products of 
one meiosis can individually be recovered and analyzed. If the fungal 
spores are linearly arranged (ordered tetrads), a direct determination of 
first and second division segregation is possible (for further reading see 
Esser and Kuenen 1967; Whitehouse 1982; Orr-Weaver and Szostak 
1985; Hastings 1988). Furthermore, S. cerevisiae offers the unique pos- 
sibility to combine cytological, genetic, and molecidar information from 
one and the same organism, and is therefore the principal model system 
for the study of homologous recombination in meiosis. 



2. Cytological Aspects 
a) Chromosome Pairing 

In many organisms the pairing of homologous chromosomes during 
meiotic prophase I results in the formation of the synaptonemal com- 
plex (SC; see Fig. 1 and Sect. 2.6). The SC is a tripartite structure of two 
parallel lateral elements separated by a central region which holds the 
paired condensed homologous chromosomes closely together along 
their entire length (for review see von Wettstein et al. 1984; Giroux 1988; 
Roeder 1990; Loidl 1994). Chromosome pairing depends considerably on 
spatial and topological relationships between the chromosomes (Weiner 
and Kleckner 1994). First, homologous chromosomes have to recognize 
each other. The first contacts between homologous bivalents occur be- 
fore SC formation, which is obviously an independent process (for ob- 
servations in different fungi see Zickler 1977; Moreau et al. 1985; Loidl 
1990; Scherthan et al. 1992; Sym et al. 1993; Weiner and Kleckner 1994). 

Even though assembly of SC is normally associated with aligned homologues, it does not 
depend on homology per se. SCs can form between nonhomolgous chromosomal regions 
(Bojko 1990; Maguire and Riess 1994) and between nonhomologous chromosomes (Loidl 
et al. 1991, 1994b). Nonhomologous chromosomal synapsis seems to start preferentially 
near chromosome ends and may be based on low-level homologies of telomeres (Loidl et 
al. 1991, 1994b). 

The mechanism by which chromosomes find their homologues is not yet 
understood, but several ideas have been put forward to explain the proc- 
ess of chromosome and homology recognition (Loidl 1994). 
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1. One favorite model implies that the search process is driven by the 
recombinational repair of deliberately induced double-strand breaks 
(DSBs) and DNA lesions. Breaks and lesions should cause single-strand 
DNA to be formed. These single strands are supposed to act as feelers in 
search of complementary bases and to invade the DNA double helix in 
the manner of heteroduplex formation (Smithies and Powers 1986; Car- 
penter 1987; Alani et al. 1990; Engebrecht et al. 1990). 

DSBs serve to initiate most or all meiotic recombination events in S. cerevisiae (Gilbert- 
son and Stahl 1994; Schwacha and Kleckner 1994; Boeder 1995; see Sect. 5.a). The timing 
of the appearance of DSBs in meiosis is congruent with their possible role in homology 
search. DSBs are found widely dispersed in meiotic chromosomes (Game 1992; Zenvirth 
et al. 1992; Wu and Lichten 1994; see Sect. 5.p) and occur during leptotene immediately 
before successful pairing even in the absence of homology (Padmore et al. 1991; de 
Massey et al. 1994; Fan et al. 1995; Wu and Lichten 1995). DSBs disappear simultaneously 
with the initiation of synapsis in the zygotene of prophase I (Padmore et al. 1991). The 
postulated early role of DSBs in homology search is further supported by two groups of 
meiotic-lethal, recombination-deficient yeast mutants. Mutants defective in inducing 
DSBs in the premeiotic or very early steps of meiosis are also defective in SC formation 
(mer2, mrelh radSO, spoil, and xrs2 mutants; Alani et al. 1990; Cao et al. 1990; Ivanov et 
al. 1992; Johzuka and Ogawa 1995; Rockmill et al. 1995a). Chromosomal pairing and 
formation of the SC is hampered also in the second group of mutants, but DSBs still 
occur {dmcl, non-null radSO, radSl mutants; Alani et al. 1990; Cao et al. 1990; Bishop et 
al. 1992; Shinohara et al. 1992; Rockmill et al. 1995b). 



2. It is also possible that homology search precedes DSBs formation 
(Hawley and Arbel 1993; Weiner and Kleckner 1994; Boeder 1995). In- 
teractions of some kind may mediate a first contact between two intact 
homologous duplexes and allow the homologues to recognize and align 
with each other. The initially unstable alignments will then be stabilized 
by cross-over and heteroduplex formation as soon as DSBs occur and 
are processed (Kleckner and Weiner 1993; Gilbertson and Stahl 1994). 

Indeed, homologous pairing is not completely eliminated in the radSO, spoil, and mer2 
mutants, lacking DSBs and SCs (Alani et al. 1990; Loidl et al. 1994a; Weiner and Kleckner 
1994; Rockmill et al. 1995a), and stable heteroduplexes were observed only temporally 
after homologous recombination in the late prophase I of S. cerevisiae (Goyon and Lich- 
ten 1993). However, occasional ectopic recombination events may contradict the role of 
DSBs as being part of a stabilizing mechanism of weak initial homologous bonds (for 
example in S. cerevisiae and S. pombe see Munz et al. 1982; Jinks-Robertson and Petes 
1986; Szankasi et al. 1986; Junker et al. 1987; Lichten et al. 1987; Kupiec and Petes 1988). 
Such ectopic events are, however, easily explained by the idea of a genome-wide homo- 
logy search involving DSBs (Haber et al. 1991; Steele et al. 1991). 

Considering all the arguments and data presented by the different re- 
searchers, it is at least possible to conclude that homology search is not 
strictly independent of actions of DSBs. The processes of loose primary 
chromosomal alignment and those of DSB-initiated heteroduplex for- 
mation, which are individually detectable in different mutants, may 
overlap to some degree in time in the wild-type situation. Heteroduplex 
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formation at DSBs, as suggested in the first model, is clearly no the only 
search mechanism and it may not be the primary event. The reality 
probably lies somewhere between both models, and is that more than 
one mechanism contribute to homology recognition. 

In both bakers’ and fission yeasts, it has recently been observed that homologous chro- 
mosomes pair already in premeiotic cells. Pairing disappears concomitantly with DNA 
replication as cells enter meiosis and reappears in meiotic prophase I (Loidl et al. 1994a; 
Scherthan et al. 1994; Weiner and Kleckner 1994). It is not clear if this premeiotic pairing 
prepares the chromosomes in some way for primary contact and recognition later in 
prophase I (Klein 1994; Loidl 1994). 



b) Formation of the Synaptonemal Complex 

Once initial contacts are established, homologous chromosomes arrange 
themselves in parallel within a distance of roughly 600 nm in the presyn- 
aptic alignment. SC formation between homologues begins then at a 
limited number of positions preselected in the presynaptic alignment, at 
distances closer than 300 nm (Zickler 1977; Giroux 1988; Loidl 1990, 
1994; see Fig. 1). 

Of the large number of fungi in which SC morphology has been studied (see list in Ptik- 
kila 1994) special attention has been paid to C. cinereus, N. crassa, and S. cerevisiae, which 
have been analyzed by highly developed staining and spreading techniques (Pukkila and 
Lu 1985; Scherthan et al. 1992; Lu 1993). Some fungi show unusual behavior with regard 
to the ultrastructure of the meiotic prophase I. For instance, a tripartite SC is not detect- 
able in A. nidulans or in Podospora and Schizosaccharomyces species (Zickler 1973; Olsen 
et al. 1978; Ashton and Moens 1982; Egel-Mitani et al. 1982; Hirata and Tanaka 1982; 
Bahler et al. 1993; Svoboda et al. 1995). In other organisms, some chromosomal regions 
such as the rDNA segment of S. cerevisiae fail to engage in SC formation (Petes et al. 
1982; Dresser and Giroux 1988). 



The sequence of steps leading to the formation of full-length SC shows 
only small differences between eukaryotic organisms (for review see von 
Wettstein et al. 1984; Giroux 1988, Loidl 1994). Preliminary to the SC 
formation in early prophase, a dense, proteinaceous axial element is 
formed along each pair of sister chromatids (see Fig. 1). These SC pre- 
cursors serve to connect the sister chromatids, whereas the SC itself as- 
sists in the intimate association of homologues. Synapsis may begin be- 
fore (as in S. cerevisiae) or after completion of the development of the 
axial cores. Formation of SC proceeds in a zipper-like manner. Protein 
components from the center of the SC are linked sucessively to the axial 
elements, which then become the lateral elements of the SC (Fig. 1; Alani 
et al. 1990; Rockmill and Roeder 1990; Sym et al. 1993; Rockmill et al. 
1995a). The mature SC appears as a ribbon-like structure along the en- 
tire length of each chromosome pair in which the lateral elements are 
separated by 100-150 nm (Zickler 1977; Sym et al. 1993). 
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In Schizosaccharomyces species, which fail to form SC, linear filaments appear during 
meiotic prophase I. These filaments resemble the axial cores of other organisms and 
might be the minimal requirement for proper chromosome pairing and segregation 
(Bahler et al. 1993; Scherthan et al. 1994; Svoboda et al. 1995). Kohli and coworkers pro- 
posed that the linear filaments of S. pombe are essential for initiation of recombination 
(Kohli 1994; Kohli and Bahler 1994; Molnar et al. 1995) arguing that all asynaptic meiotic 
recombination proficient mutants of S. cerevisiae still form axial elements (Boeder 1990; 
Hawley and Arbel 1993; Kohli and Bahler 1994). However, the redl null-mutant of 
S. cerevisiae is the first example that fails to assemble any axial filaments but still under- 
goes some kind of meiotically induced homolgous pairing and recombination (Rockmill 
and Boeder 1990; Nag et al. 1995). 

Despite its obvious presence in meiotic prophase, the function of the SC 
is still in dispute. The SC may participate in the catalysis of recombina- 
tion and/or the arrangement between homologous chromosomes to en- 
sure their proper orientation (Rockmill and Roeder 1991). It may help to 
detect and resolve interchromosomal tangles prior to segregation 
(Kleckner et al. 1991) or to convert cross-overs into functional chiasmata 
(Maguire 1978) or it provides a time factor for recombination (Lu 1996). 
Anyhow, SC formation and recombination are thought to be closely re- 
lated processes, although temporal and functional relationships between 
synapsis and genetic exchange have been difficult to demonstrate 
(Padmore et al. 1991). 

Analysis of a number of S. cerevisiae mutants with defects in both recombination and 
formation of SC suggests that recombination and formation of SC are coordinately regu- 
lated (e.g., hopl, mei4y merl, recl02, redl, and zipl mutants: Menees and Boeder 1989; 
Alani et al. 1990; Engebrecht and Boeder 1990; Bockmill and Boeder 1990; Bhargava et al. 
1991; Cool and Malone 1992; Menees et al. 1992; Sym et al. 1993; Loidl et al. 1994a; Sym 
and Boeder 1994; Weiner and Kleckner 1994; Nag et al. 1995). The data support the view 
that genetic exchange is in some way dependent on synapsis and occurs in pachytene in 
prophase I (Maguire 1972; Pukkila 1994). However, certain levels of meiotic recombina- 
tion can still occur in the absence of full-length SCs in various S. cerevisiae mutants (e.g., 
see hopl, redl, merl, and zipl mutants; Engebrecht and Boeder 1989, 1990; Hollings- 
worth and Byers 1989; Bockmill and Boeder 1990, 1991; Bishop et al. 1992; Sym et al. 
1993; Sym and Boeder 1994), in some N. crassa mutants (deLange and Griffith 1980; Foss 
and Selker 1991; Schroeder and Baju 1991), and in other organisms lacking a SC 
(Strickland 1958; Marcou et al. 1979; Gutz 1971). 

sc may also mediate cross-over interference, which is the ability of one 
cross-over to suppress (or promote) another cross-over event in its close 
proximity (Egel 1978; Jones 1984). Cross-over interference is obvious in 
the SC-forming fungi N. crassa, S. macrospora, and S. cerevisiae (Perkins 
1962; Byers and Goetsch 1975; Gillies 1979; Mortimer et al. 1989; Zickler 
et al. 1992). In both A. nidulans and S. pombe, the absence of SC coin- 
cides with the absence of cross-over interference and with high mean 
numbers of exchanges per bivalent (Strickland 1958; Clutterbuck 1992; 
Munz 1994; Zhao et al. 1995b). In analogy, a mutation in the zipl gene 
encoding an important structural component of the SC eliminates cross- 
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over interference in S. cerevisisae (Sym and Roeder 1994, 1995). In con- 
trast, cross-over interference is a well-known phenomenon in P. an- 
serina (Marcou et al. 1979), contradicting the idea of that the SC is a 
mediator of cross-over interference. However, even though the SC and 
also the axial elements (filaments) are obviously not strictly essential for 
recombination, it seems likely that these structures do have at least some 
function in recombination, e.g., in favoring recombination events to 
occur between nonsister rather than between sister chromatids (Sears et 
al. 1994; Petes and Pukkila 1995). 



c) Recombination Nodules and Chiasmata 

Small dense, presumably proteinaceous, structures appear in between 
paired homologous chromosomes in zygotene and pachytene. They 
seem to be closely connected to recombination processes and are there- 
fore called recombination nodules. Two types of nodules can be distin- 
guished: randomly distributed and frequent early nodules associated 
with unpaired axial elements which are visible in the stage of synapsis, 
and fewer, nonrandom late nodules present in pachytene. Early recom- 
bination nodules could play a role in initiation of chromosomal synap- 
sis. They are thought to be connected to gene conversions and disappear 
quickly. Late recombination nodules develop possibly from early nod- 
ules and are believed to be associated with cross-overs (Zickler and Sage 
1981; von Wettstein 1984; Carpenter 1988; Bishop 1994; Loidl 1994). In 
accordance, the number of late nodules corresponds in N. crassa, S. cer- 
evisiae, and S. macrospora to that of cross-overs, and late nodules re- 
main with the paired chromosomes until diplotene, when, by desynap- 
sis, chiasmata become visible at the positions of the nodules (Byers and 
Goetsch 1975; Zickler 1977; Gillies 1979; Holm et al. 1981; Boiko 1989; 
Zickler et al. 1992). 

Chiasmata (cytologically observable cross-overs) are the physical 
manifestation of recombination (Janssens 1909; Morgan 1911). High 
fidelity of chromosome segregation during meiosis I seems to be in- 
creased by recombination between nonsister chromatids and the con- 
secutive formation of chiasmata. Chiasmata are supposed to hold ho- 
mologous chromosomes together at the metaphase plate during meiosis 
I and to balance the opposing poleward forces exerted on their kineto- 
chores (Sears et al. 1992; Simchen and Hugerat 1993). In this way, 
crossing-over would not only be required for proper chromosomal 
pairing, but also to ensure proper segregation (Hawley 1988; Carpenter 
1994). In agreement with this proposed fonction, at least one cross-over 
event was observed between each pair of homolgous chromosomes in 
S. cerevisiae (Mortimer et al. 1989; Kaback et al. 1992). 
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The distribution of chiasmata (and therefore cross-overs) per bivalent is nonrandom and 
position-dependent (see also Sects. 3.b and 5.b). In normal meiosis there are nearly no 
achiasmatic bivalents and few with high numbers of chiasmata (for reviews, see Jones 
1984, 1987) and, at least in N. crassa and S. cerevisiae, there is a bias in chiasmata distri- 
bution towards small chromosomes (Kaback et al. 1992; Mautino et al. 1993). 

Meiotic double crossing-over is in most organisms less frequent than 
expected on the assumption that genetic exchanges occur at random 
with respect to each other (Kaback et al. 1992; Foss et al. 1993). This 
phenomenon is thought to be caused by "chiasma interference", which is 
commonly used synonymously with cross-over interference (Mather 
1933; see also Sect 2.b). Chiasma interference seems to be directly related 
to genetic rather than to physical distance (Foss et al. 1993). On the con- 
trary, gene conversion events in S. cerevisiae, S. fimicola, and other fungi 
generally show no interference with respect to each other (Mortimer and 
Fogel 1974; Fogel et al. 1978; Kitani 1978). These observations are consis- 
tent with the random and nonrandom distribution of early and late re- 
combination nodules being connected with conversion events and cross- 
overs, respectively. The importance of nodules for recombination is 
further supported by immunological studies on localisation of essential 
recombination proteins (see Sect. 5.d). 

Gene conversions in S. cerevisiae associated with cross-over events, however, interfere 
with nearby exchanges (Stadler 1959). A prediction that chiasma interference reflects an 
organism-specific number of potential conversion events without associated cross-overs 
could not be verified for S. cerevisiae, but seems to hold true for N. crassa (Foss et al. 
1993; Foss and Stahl 1995; Stahl and Lande 1995; Zhao et al. 1995b). 



d) Cross-Over and Chromosome Segregation 

Organisms with no cross-over interference, such as S. pombe neverthe- 
less follow the chiasmate mode of chromosome segregation (Ponticelli 
and Smith 1989). So far, no systematic analysis of the relationship be- 
tween meiotic recombination and chromosome segregation has been 
carried out in the context of a wild-type genetic background in this or 
other fungi. However, evidence for a positive relationship between 
meiotic recombination and meiosis I disjunction was found by cytologi- 
cal and genetic analysis of recombination-deficient S. cerevisiae, S. mac- 
rospora, and S. pombe mutants (Moreau et al. 1985; deVaux et al. 1992; 
Sears et al. 1992). 



For example, medi, merl, msh4, mshS, non-null radSO, rad 52, redl, and top2 mutants of 
S. cerevisiae all show defects in recombination, a high degree of meiosis I nondisjunction 
(more than 5%) and/or increased levels of gamete nonviability due to missegregation of 
chromosomes. So far analyzed at the molecular level, these mutants are defective in 
formation, processing, or resolution of cross-overs (Rockmill and Roeder 1988, 1994; 
Rose et al. 1990; Rose and Holm 1993; Burns et al. 1994; Ross-MacDonald and Roeder 
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1994; Hollingsworth et al. 1995). In contrast, the disl nondisjunction mutant exhibits 
normal recombination (Rockmill and Fogel 1988). 

Nondisjunction in meiosis I can be generated in two ways: both homologues will mi- 
grate to the same pole, or one homologue and only one chromatid will segregate to one 
pole and the unpaired chromatid to the other pole (premature separation of sister chro- 
matids: PSSC). Missegregation may also be caused by meiosis II nondisjunction in which 
two sister chromatids fail to segregate from each other. Such meiosis II events may also 
be produced by the same defect as lead to meiosis I nondisjunction (Flatters and Dawson 
1993; Miyazaki and Orr-Weaver 1994; Rockmill and Roeder 1994). Nondisjunction can 
generate two types of inviable spores; spores which are lethal because of aneuploidy, and 
spores which miss copies of essential chromosomes (Niwa and Yanagida 1985; Molnar 
and Sipiczki 1993; Rockmill and Roder 1994). 

Although crossing-over between homologues is considered to be impor- 
tant for the high fidelity of chromosome segregation during meiosis I, it 
is not an absolute requirement for proper segregation of the homo- 
logues. Achiasmate chromosomes in S. cerevisiae migrate to opposite 
poles but with much lower frequency than chiasmate chromosomes 
(Ross et al. 1996). This implies a second mechanisms being involved in 
ensuring proper segregation of chromosomes. This second mechanism 
has been termed distributive disjunction, distributive segregation, or 
achiasmate segregation. It is defined as the meiotic segregation which is 
observed in the absence of homologous recombination. It can occur for 
both nonrecombinant homologous and heterologous chromosomes, and 
often seems to be associated with some sort of physical interactions be- 
tween homologous chromosomes in pachytene and metaphase I (Loidl 
et al. 1994a). 

Achiasmate segregation has been studied in S. cerevisiae with homologous and natural 
homeologous yeast chromosomes (Nilsson-Tillgren et al. 1986; Guacci and Kaback 1991; 
Hawthorne and Philoppsen 1994), with artificial nonhomologous chromosomes (YACs; 
Dawson et al. 1986; Sears et al. 1992, 1995; Ross et al. 1996), and, as in C. cinereuSy with 
triploid and tetraploid chromosome sets (Rasmussen et al. 1981; Loidl 1995). These 
studies give an insight into the functions of centromeres and telomeres in pairing and 
meiotic disjunction fidelity (Loidl 1995; Molnar et al. 1995; Sears et al. 1995) and into 
effects of chromosome size and shape and DNA homolgoy on partner choice (Dawson et 
al. 1986; Guacci and Kaback 1991; Ross et al. 1996) and may help to understand regula- 
tion of recombination between homeologous, i.e., closely similar sequences (Borts and 
Haber 1987; Petes and Hill 1988; Symington and Petes 1988; Malone et al. 1994). 



3. Genetic Evidence for Recombination 
a) Segregation Patterns 

The four chromosomal products at the end of meiosis represent eight 
different chromatids. In most organisms the two chromatids of a chro- 
mosome are recovered in a single cell. This is, for example, the case in 
the unordered tetrads of S. cerevisiae and the ordered tetrads of 
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S. pombe. In other fungi postmeiotic mitosis will separate all eight chro- 
matids into single spores (e.g., N. crassa and S. macrospora). In conse- 
quence, the segregation patterns of the eight chromatids can be followed 
cytologically. Heterozygotous markers linked on the same chromosome 
will normally segregate 4:4 (Mendelian segregation). In the case of a 
crossing-over, tetrad analysis of individual meiotic recombination 
events shows a 4:4 segregation of complementary pairs of recombinant 
chromatids. This phenomenon is also termed reciprocal exchange. 
Sometimes a heterozygotous marker will not segregate in the Mendelian 
manner, but will show some aberrant patterns of inheritance. Two types 
of aberrant segregation events have been detected: gene conversion 
events (6:2 or 2:6 segregation) and postmeiotic segregation (PMS) events 
(see Fig. 2B; Schar et al. 1993; Nag and Petes 1993). 
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Fig. 2. A Effects of cross-over and gene conversion on the four products of meiosis. B 
Postmeiotic segregation (PMS): evidence for the hybrid DNA intermediate in homolo- 
gous recombination in meiosis in fungi 
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1. Gene conversion is the nonreciprocal transfer of DNA sequences from 
one homologous gene to another, thereby replacing the resident seg- 
ment. This transfer is made without losing the segment used as a tem- 
plate. In S. cerevisiae, the frequencies of 6:2 and 2:6 segregation patterns 
generally show parity, whereas the distribution in Ascobolus is biased 
towards either the wild- type or the mutant allele. Aberrant segregation is 
not generated by the interaction of two chromatids at the single point, 
but is due to an exchange of genetic information over a certain length of 
DNA. Nearby markes of a gene that undergoes conversion will therefore 
frequently be affected (coconversion). In S. cerevisiae, as a rule, ap- 
proximately 50% of gene conversion events between allelic loci are as- 
sociated with reciprocal recombination for flanking markers (Fink and 
Petes 1984). 

2. PMS occurs when the two strands of a duplex contain different genetic 
information. In S. cerevisiae, PMS leads to spore colonies sectoring for a 
heterozygous marker, and in the eight-spored fungi it leads to noniden- 
tical sister spores. PMS events in S. cerevisiae and S. pombe generally 
represent an insignificant portion of all aberrant segregation events 
(Schar et al. 1993). Only a single chromatid participates in most or all 
cases of PMS in S. cerevisiae (asymmetric heteroduplex), leading either 
to 5:3 or 3:5 segregation. An aberrant 4:4 segregation with two sectored- 
spore colonies and two nonidentical sister spores, respectively, is ob- 
served if two chromatids (symmetric heteroduplexes) are involved in 
this process. The occurrence of PMS in many fungi supports the as- 
sumption that heteroduplexes are involved in meiotic recombination. 
Formation of a heteroduplex without repair of mismatches should result 
in PMS. Many authors attribute gene conversion events to heteroduplex 
formation between heterozygous alleles with the resulting mismatch 
being corrected. Mismatch repair events that lead to the "normal" Men- 
delian segregation are called restoration events, whilst a repair in favor 
of the invading strand would cause gene conversion (see Fig. 2B). Alter- 
natively, gene conversion may be the consequence of double-strand gap 
repair (see Sect. 4.c; for detailed data, references and further reading see 
Alani et al. 1994; Manivasakam et al. 1996; Szostak et al. 1983; Orr- 
Weaver and Szostak 1985; Hastings 1988; Nicolas and Petes 1994; Stahl 
1994). 



b) Polarity of Gene Conversion 

Cross-over interference is already one indication that homologous re- 
combination is not a random process which may occur anywhere along 
homologous chromosomes. The frequency of recombination can vary 
10- 1000-fold throughout the whole genome in a given organism. 
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For instance, recombination frequencies in A. immersus change from 6.4% at the bl locus 
to 28% at the b2 locus (Leblon 1972). Typical variations in S. cerevisiae range from 0.6% 
to 18%, with frequencies occasionally rising even to 70% (Fogel et al. 1978). 

Throughout genomes regions exist, that are "hot" (higher than average 
frequency) or "cold" (lower than average frequency) for meiotic recom- 
bination. Variation of frequency may be due to a few specific nucleotide 
sequences and/or to a special chromatin structures required for increase 
or decrease of recombination events from one interval to another (Smith 
1994; Lichten and Goldman 1995). Such "hot" regions of recombination 
are usually connected to high frequencies of gene conversion and polar- 
ity (Whitehouse 1982; Nicolas and Petes 1994). 

For example, gene conversion frequencies in S. cerevisiae are primarily dependent on the 
position of the marker in the gene rather than the allele itself (Fogel et al. 1978; Hastings 
1984). Gradients are not determined by the polarity of a gene transcription per se, as 
documented by inversion of the mei4 gene in N. crassa (Murray 1968). These observa- 
tions are easily explained if there are specific high-frequency initiation sites (hotspots) 
where recombination and heteroduplex formation starts and from which gene conver- 
sion continues with decreasing probability as distance increases (Whitehouse 1963; Hol- 
liday 1964). 

The polarity of gene conversion caused by the b2 hotspot in A. immersus 
greatly influenced the general understanding of fungal recombination 
(Rossignol et al. 1984; see Sect. 4). Conversion rates of specific loci can 
vary in A. immersus in different strains by more than 250% due to a se- 
ries of locus-specific conversion control factors (ccfs; Howell and Lamb 
1984; Zwolinski and Lamb 1995). The cog site near his3 in N. crassUy and 
the YS17 site at the bujf locus in Sordaria brevicollis are hotspots which 
promote gene conversion with a preference towards wild types (Catche- 
side and Angel 1974; MacDonald and Whitehouse 1979). 



The ranges of polarity gradient in S. cerevisiae vary greatly between different genes and 
are 1-10% for ARG4, 4-15% for DED81, 1-3% for H/Sl, 5-14% for HJS2, and 17-50% for 
HIS4 (see Nicolas and Petes 1994). The less symmetrical distribution of gene conversion 
observed at hotspots in the HIS4-Bikl cluster of S. cerevisiae and at the niiA-niaD cluster 
of A. nidulans could be due to restoration events (Reenan and Kolodner 1992; Thijs et al. 
1995). Hotspots of S. cerevisiae and the M26 hotspot of S. pombe are discussed below in 
more detail (Sect. 5.b). 



4. Recombination Models 

Since the detection of certain aberrant (non-Mendelian) segregation 
patterns in yeast and filamentous fungi, several attempts have been 
made to explain these occasional events. Three models developed subse- 
quently during the last three decades (reviewed recently by Stahl 1994) 
deserve special attention and are introduced briefly here. Common fea- 
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Fig. 3. A The Holliday model, a symmetric model to explain homologous recombination 
(see Holliday 1964). In the first step, strands of the same polarity are simultaneously 
nicked at the same site on the homolgous chromatids. The chromatids undergo spatial 
separation. Then, both cut strands reciprocally exchange their partners with the homolo- 
gous strand of the other chromosome. In this way, a heteroduplex with a symmetric 
Holliday junction arises. This structure may be resolved either by cutting the two origi- 
nally crossed chains (cross-over) or by cutting the two non-crossed chains (noncross- 
over event). These two possibilities of resolving a Holliday junction are easily visualized 
by isomerization, by which the swapped and unswapped chains of the Holliday stucture 
can exchange their positions via a symmetrical four-way structure (see Fig. 3B; Sobell 
1974). B Isomerization of Holliday junctions 



without the involvement of novel DNA synthesis (Fig. 3). Mismatches 
may occur if a genetic marker falls within the region of the symmetric 
heteroduplex. Repair of these mismatches on both chromatids in the 
same direction (for instance, wild-type to mutant) leads to gene conver- 
sion (6:2 or 2:6 segregation). If mismatch repair takes place on one du- 
plex only, PMS (5:3 segregation) results. If neither mismatch is cor- 
rected, aberrant 4:4 segregation will be observed (Holliday 1964; Szostak 
et al. 1983). 




322 



Genetics 



B 

Formation of a 
gap flanked by 
3' single strands 



Strand 

displacement 



Repair synthesis 




1 



Repair synthesis of 
the second strand 
(+ branch migration) 




Resolution 






Crossover 



Noncrossover 



Fig.4B 




Recombination: Meiotic Recombination in Fungi 



323 



Fig. 4. A The asymmetric Meselson-Radding model to explain homologous recombina- 
tion (see Meselson and Radding 1975). After initiation by one single-strand break, DNA 
polymerase attaches to the 3’ end of the cut DNA, using it as a primer to promote DNA 
synthesis. The single strand displaced by this synthesis invades the homolgue, forming a 
D-loop. The D-loop is removed by the action of endonucleases and an asymmetric het- 
eroduplex is generated by ligation of the invading strand. The limited region of asym- 
metric heteroduplexes is extended by the concerted action of DNA polymerase (on the 
donor duplex) and endonuclease (on the recipient duplex). When this enzymatic process 
of asymmetric heteroduplex formation is terminated, the eventual loss of the polymerase 
allows the structure to isomerize. In this way, the 3* and 5’ single-stranded ends are 
brought into the correct position to be ligated, resulting in a Holliday junction. Diffu- 
sion-driven or enzyme-driven sliding of the junction along the duplex (branch migra- 
tion) would lead to reciprocal (symmetric) heteroduplex DNA. The junction may finally 
be resolved endonucleotically either in a cross-over or noncross-over configuration. B 
The double-strand break and gap repair model (see Szostak et al. 1983). Recombination 
in the double-strand break and gap repair model is initiated in the recipient chromatid 
by the action of a double-strand endonuclease. The resulting nick is enlarged to a gap by 
the action of 5’-3’-exonucleases and 3' single-stranded termini are produced. One of the 
free 3’ ends invades the homologous region of the donor chromatid, forming a small D- 
loop. The D-loop is enlarged by repair synthesis primed from the invading 3’ end. The 
arising complementary single-stranded D-loop segments anneal and initiate synthesis 
from the second 3' end to replace all the information lost in the gap by copying the 
homologue (gap repair). Subsequent branch migration leads to formation of two Holli- 
day junctions. Branch migration produce symmetric heteroduplex regions; their endo- 
nucleolytic resolution results in a noncross-over configuration of the flanking markers. 
Resolution in a different orientation leads to a crossing-over event when the inner 
(crossed) or alternatively the outer (noncrossed) strands are cut in the same sense (see 
the Holliday model) 
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b) The Meselson-Radding Model 

The biased gene conversions found in Ascobolus and other fungi and the 
lack of evidence of reciprocal exchange in S. cerevisiae (Sect. 3.a) re- 
vealed the Holliday model to be too symmetric. In consequence, a model 
for the formation of asymmetric heteroduplexes was proposed where 
recombination starts by only one single-strand break. Therefore, asym- 
metric heteroduplex DNA, symmetric heteroduplex DNA (formed by 
sliding the Holliday junction) and crossing-over are all initiated by the 
same single step. Still, the main features of the Holliday model (Holliday 
junction, gene conversion by mismatch repair) remain indispensable 
also for the Meselson-Radding model (Meselson and Radding 1975; 
Radding 1982; Stahl 1994; for further information see Fig. 4A). 

The Meselson-Radding model addresses the problem of initiation of 
recombination and assumes the initiating molecule to become the donor 
of genetic information. However, genetic data of abnormally high levels 
of gene conversion in N. crassa, S. pombe, and S. brevicollis implied the 
initiating chromosome to be the recipient (Gutz 1971; Catcheside and 
Angel 1974; MacDonald and Whitehouse 1979), but the original model 
could be modified to fit this fact (Radding 1982). The Meselson-Radding 
model explains easily the asymmetric conversion events observed in 
A. immersus near recombination initiation sites and, in addition, recip- 
rocal exchanges at sites more distant from the initiation point (Sect 5.b). 
However, some data concerning segregation patterns in yeast, in particu- 
lar localizations of cross-over in relation to initiation sites and conver- 
sion events, are not consistent with this model. Following the Meselson- 
Radding model, cross-overs are expected to be found at the low conver- 
sion side of the gene but, in fact, cross-overs were found preferentially at 
the high conversion side (Fogel et al. 1978; Savage and Hastings 1981). 



c) The Double-Strand Break and Gap Repair Model 

Until recently, the most accepted model for meiotic recombination is the 
double-strand break and gap repair model proposed by Szostak et al. 
(1983), in the following called the gap repair model (for further infor- 
mation see Fig. 4B). 

To study recombination, Orr-Weaver et al. (1981) used a yeast transformation system 
with Escherichia coli plasmids containing fragments of yeast DNA. The plasmids were 
linearized in vivo and introduced into yeast. The plasmids always integrated into the 
homologous sites on the yeast chromosomes even in those cases where a major gap had 
been introduced into the yeast part of the vector. These results established the recombi- 
nogenic nature of DSBs and revealed the occurrence of gene conversion by double-strand 
gap repair (Orr-Weaver and Szostak 1983). 
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The gap repair model proposes the recipient chromatid to be the intiat- 
ing molecule of recombination. It still takes some aspects of the Mesel- 
son-Radding model into account, i.e., the asymmetric heteroduplex 
DNA (however, in a less important role) and the outward-sliding Holli- 
day junction. In contrast to the Meselson-Radding model, gene conver- 
sion occurs without a requirement of mismatch correction. There are 
two ways in which gene conversion (6:2 segregation) may occur: a 
marker will be converted by double-strand transfer of genetic informa- 
tion where the marker lies within a double-strand gap. The heteroduplex 
is not directly involved in this process; or a 6:2 segregation will also oc- 
cur if mismatch repair takes place in the flanking regions of asymmetric 
heteroduplex DNA (hDNA). Heteroduplex regions in which no mis- 
match repair occurs produce postmeiotic (5:3) segregation. The gap 
repair model predicts a decreasing probability of 6:2 segregation and an 
increasing proportion of 5:3 segregation as a function of distance from 
initiation site of recombination which is consistent with real data from 
S. cerevisiae (Fogel et al. 1978; Szostak et al. 1983; Stahl 1994). 



5. Molecular Events in Meiotic Recombination 

Many molecxilar events in recombination (e.g., strand exchange reac- 
tion, formation of heteroduplex DNA, mismatch repair, resolution of 
Holliday Junctions, DNA ligation) have been deduced from genetic 
crosses. Complete in vitro systems for homologous recombination have 
not been established so far. Only recently, recombination intermediates 
such as DSBs, extensive 3’ single-stranded DNA ends, heteroduplex 
DNA, and Holliday junctions have been detected in vivo (Klein 1995; 
Schwacha and Kleckner 1995). Many, but not all, of the cytological and 
molecular data obtained so far support the gap repair model as being the 
pathway of meiotic recombination. Hence, the views on the process of 
meiotic recombination have changed again by the present insights into 
molecular transactions. 



a) Recombination Intermediates 

Various molecular observations lead to a new model for DSB-promoted 
meiotic recombination which does not include any double-strand gaps 
(Schwacha and Kleckner 1995; see Fig. 5). Important features of this 
model are mismatch corrections on two occasions, first at the formation 
and second at the resolution of a double Holliday structure. Mismatch 
corrections are assumed in both cases to be biased towards the intact 
strands being the templates in agreement to biochemical data (Holmes 
et al. 1990; Thomas et al. 1991). All intermediates detected so far in 
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meiotic recombination of S. cerevisiae are in accordance with the new 
DSB model. They are described below following their temporal appear- 
ance. 

1. The most plausibel argument in favor of a model initiating recombi- 
nation at DSB sites is the observation that DSB formation and meiotic 
recombination are abolished simultaneously in null mutants of mer2, 
mrell, radSO, spoil, and xrs2 and other genes. Single-strand nicks have 
never been observed. DSBs are the first molecularly detectable interme- 
diates in recombination. They appear in early prophase, preferentially at 
hotspots for meiotic recombination but also at other sites. Moreover, all 
hotspots looked at in S. cerevisiae are known to form DSBs (Sects. 3.a 
and 5.b). The amount of DSBs at analyzed sites correlates with the fre- 
quencies of gene conversion and/or crossing-over of adjacent markers 
(for data comparison see Sun et al. 1989; Cao et al. 1990; Rocco et al. 
1992; deMassey and Nicolas 1993; Goldway et al. 1993; Wu and Lichten 
1994; Fan et al. 1995). DSBs occur in regions of chromatin that are ac- 
cessible for nonspecific nucleases (Ohta et al. 1994; Wu and Lichten 
1994). They are not highly site-specific, have been found over a range of 
« 150-170 bp in the hotspot regions, and appear in clusters spaced at 
intervals of 5-15 bp. This spacing suggests that the DNA is localized at a 
protein surface during cleavage. Cleavage does not seem to depend on 
any specific DNA sequences. However, there are preferred cleavage sites, 
perhaps determined by very local features (e.g., GC content; de Massy et 
al. 1995; Liu et al. 1995a; Xu and Kleckner 1995). 

2. After DNA cleavage, proteins are covalently attached to the generated 
5’ ends. Cleavage can create either blunt ends (observed at the CYS3 
locus in wild-type cells), two-base 5’ overhangs or 5’ overhangs of 5 to 7 
bases (observed for CYS3 in radSOS cells and for other hot spots in wild- 
type cells, in radSOS, and in sae2 cells; de Massy et al. 1995; Liu et al. 



Fig. 5. Model for DSB-promoted meiotic recombination and formation of joint molecules 
(JMs) with double Holliday junctions as presented by Schwacha and Kleckner (1995). A 
3’ single-stranded tail of the DSB invades an intact duplex. hDNA formed at the resec- 
tion-associated marker may be eliminated by mismatch correction. This reaction gener- 
ates exclusively double Holliday junctions of type I. Alternatively, if the Holliday junc- 
tion slides to an asymmetric position, both junctions are located to one side of a mis- 
match (shown at the left). Filling in of the gap avoids chromatid heterozygosity within 
JMs (type II JMs). Type II Holliday junctions must be resolved in a way that yields physi- 
cally detectable hDNA. If one junction is resolved by cleavage, isomerization of the re- 
maining junction may or may not occur. A second round of mismatch repair follows 
prior to ligation of the cleaved strands. Correction of one mismatch at this stage will give 
a 5:3 marker segregation, and correction of both mismatches normal 4:4 segregation 
(restoration). If type I JMs undergo the same process of resolutions, it will lead to 6:2 
segregation 
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1995a; Keeney and Kleckner 1995). These observations resemble the 
actions of the sequence-unspecific DNA topoisomerase II (TOPII), 
which consecutively cleaves the two strands of dsDNA-generating 5’ 
overhangs, and which attaches itself covalently to these 5’ ends (Roca 
1995). In analogy to this process, a TOPII-like model for initiation of 
meiotic recombination was proposed, assuming that DNA ends with 
short protein-bound 5’ overhangs are the normal intermediates of re- 
combination (de Massy et al. 1995; see Fig. 6). 
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Fig. 6. Initiation of recombination by the action of a TOPII-like protein. (After de Masy et 
al. 1995). The model takes into account the weak DNA interactions observed by Weiner 
and Kleckner (1994). DNA double strands are cleaved with two base 5’ overhangs by a 
TOPII-like protein dimer. After cleavage, the proteins first stay attached to the 5’ ends. 
Some factors may channel the protein-bound ends away from each other to hinder reli- 
gation. After protein release, the degradation of the 5’ strands provides the cytological 
observed 3’ ends necessary for strand invasion into homologous double- strands, (de 
Massy et al. 1995) 



TOPII is associated with meiotic chromosomes, but is unlikely to be the enzyme respon- 
sible for meiotic DSBs because the 5’ overhangs generated by TOPII have a defined 
length of 4 bp (Rose and Holm 1993; Roca 1995). Furthermore, topll mutants do not 
effect meiotic recombination and SC formation, and drug-induced TOPII cleavage sites 
do not correspond well to meiotic DSB sites (Keeney and Kleckner 1995). 

3. DNA cleavage is not the ultimate commitment to homologous re- 
combination. The 5’ bound proteins may protect the DNA from degra- 
dation and religation remains thus possible. Unprocessed 5’ ends accu- 
mulate in RAD50S cells, but normally DSBs are transient and undergo 
rapid resection specifically at their 5’ ends. Resection yields long 3’ sin- 
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gle-stranded tails of = 600 nt, as predicted by the gap repair model, but 
there is no sign of resection of 3’ termini to generate a gap (Alani et al. 
1990; Cao et al. 1990; Sun et al. 1991; Bishop et al. 1992; Keeney and 
Kleckner 1995). 

4. The long 3’ tails produced are probably used to form strand-exchange 
products. 3’ overhangs exist for 15-30 min before they disappear in fa- 
vor of joint molecules (JM), eye-shaped branched structures represent- 
ing double Holliday junctions (Schwacha and Kleckner 1995). 

5. Double Holliday structures have been isolated from total meiotic DNA 
and from specific chromosomal positions, whereas single Holliday junc- 
tions were not found. All single strands within such JMs are uninter- 
rupted, and all component single strands have a parental configuration 
of flanking markers (Bell and Byers 1983; Schwacha and Kleckner 1994, 
1995). They form preferentially between homologous nonsister chromo- 
somes and the relative levels of JMs, DSBs, and recombinants at specific 
sites correlated with each other. JMs occur subsequent to DSBs but prior 
to mature cross-over and noncross-over products (Schwacha and Kleck- 
ner 1995; Storlazzi et al. 1995). 

6. Spontaneous branch migration of Holliday structures was demon- 
strated in vitro (Panyutin et al. 1995). 

7. Experimentally detectable short-living hDNA appears just before or 
concommitant with Holliday junction resolution and the appearance of 
the mature recombination products. A correlation between experimen- 
tally detected hDNA and genetically detected PMS frequencies in the 
same regions suggests that the observed hDNA is a late intermediate of 
recombination (see Lichten et al. 1990; Nag and Petes 1993; Collins and 
Newlon 1994; Schwacha and Kleckner 1994, 1995). 

8. It seems likely that double Holliday junctions will eventually be re- 
turned into cross-over and noncross-over products. In vitro, JMs are 
resolved in both parental and recombinant molecules by specific bacte- 
ria Holliday junction- resolving enzymes (Schwacha and Kleckner 1995). 
In vivo, such a reaction is not yet described, but complete cross-over 
structures were isolated (Padmore et al. 1991; Nag and Petes 1993; 
Goyon and Lichten 1993). A double Holliday junction can be converted 
into a pair if noncross-over products by a normal topoisomerase 
(Schwacha and Kleckner 1995). Physical assays, making use of restric- 
tion enzymes and allele-specific restriction sites, show that cross-overs 
and noncross-overs (gene conversions) appear at the same time, and 
that both arise from DSBs (Storlazzi et al. 1995). 
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Many of the recombination intermediates described (DNA breaks, 
hDNA, and Holliday junctions) are required not only in the DSB model 
of Schwacha and Kleckner (1995) but also in the gap repair model of 
Szostak et al. (1983). Other data, mostly the missing gaps and some ge- 
netical observations, conflict with the double-strand gap repair model, 
but not the new and presently valid DSB model. 

(1) Depending on the length of the 5’ overhang at sites of DSBs, degeneration of the 5’ 
ends does not give gaps at all, or leads to gaps of only maximal 2-7 bp. In consequence, 
most or all gene conversion events would result from mismatch repair and not from 
copying both strands of the intact chromosomal partner (de Massy et al. 1995). (2) In the 
double-strand gap repair model, hDNA is expected early in recombination. (3) Only the 
DSB model from Schwacha and Kleckner (1995) can explain the loss of the polarity of 
gene conversion and the increase in 3’ gene conversions observed in the mismatch re- 
pair-defective mutants msh2 and pmsl (Reenan and Kolodner 1992; Alani et al. 1994). 



b) Hotspots 

Hotspots which serve as special sites for the initiation of meiotic re- 
combination are best characterized in S. cerevisiae (Nicolas and Petes 
1994; Lichten and Goldman 1995). The ARG4 and H1S4 hotspots are 
situated in the promotors and coincide with sites of DSBs. Mutations 
changing the DSB frequencies at these sites show parallel changes in 
gene conversion frequencies for nearby markers. Both hotspots show 5’ 
to 3’ polarity of gene conversion. However, ARG4 and H1S4 display con- 
version gradients declining in both directions, although the HIS4 hot- 
spot sometimes behaves as if it acts in only one direction (Nicolas et al. 
1989; Sun et al. 1989; Schultes and Szostak 1990, 1991; Detloff et al. 1992; 
deMassy and Nicolas 1993; Porter et al. 1993; Fan et al. 1995). ARG4 and 
other hotspots are found mostly in regions that are hypersensitive to 
nuclease digestion. This hypersensitivity increases in the early meiotic 
prophase, providing evidence for the influence of chromatin structure 
(Ohta et al. 1994; Wu and Lichten 1994). 

The correlations between hotspots and promotor localization and between direction of 
gene conversion and transcription seem to relate to an easy access of the DNA by chro- 
matin structure rather than to the gene function. To be active, the HIS4 hotspot needs 
basal transcripiton factors to bind upstream of the site, but transcription per se seems 
not to be required. Transcriptional interference is supposed to diminish DSB frequency 
in both HIS4 and ARG4. On the other hand, suppression of transcription by deletion of 
the TATAA element does not influence the H1S4 hotspot and in the case of ARG4, there is 
no consistent correlation between levels of transcription and conversion frequency 
(White et al. 1991, 1992, 1993; Rocco et al. 1992). 



Hypersensitivity alone is not enough to create a site for DSB formation 
as seen with ARG4 in certain chromosomal locations. Chromosomal 
position and simultaneous insertion of other sequences affect not only 
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the frequency of DSBs but also where they are formed, i.e., at the original 
ARG4 hotspot, at other sites in the DNA insert or at neighboring chro- 
mosomal sites. This suggests that different sites compete for hotspot 
activity (e.g., for recombination-limiting factors) and that the chromo- 
somal structure may be of major importance in this process. Factors 
affecting DSB frequencies can act over distances of thousands of base- 
pairs (de Massy and Nicolas 1993; Goyon and Lichten 1993; Wu and 
Lichten 1994, 1995). The HIS2 hotspot is situated at the 3’ end of the his2 
gene and exhibits therefore a 3’-5’ decreasing gradient of gene conver- 
sion. Deletion of the his2 promotor region does not reduce gene conver- 
sion but hotspot activity is dependent upon extended sequences down- 
stream of his2, which provides another example of the importance of the 
chromosomal environment (Malone et al. 1992, 1994). 

Other hotspots and sites of frequent DSBs formation were found in S. cerevisiae at the 
CYS3 locus, at the DED81, in the LEU2-CEN3 interval, and in other intergenic regions 
and, after mutation, at the CYC7 locus (Pukkila et al. 1986; Schultes and Szostak 1990; 
Symington et al. 1991; Cherest and Surdin-Kerjan 1992; Goldway et al. 1993; Rattray and 
Symington 1993; Wu and Lichten 1994; de Massy et al. 1995). Moreover, there is an in- 
creasing number of hotspots in S. cerevisiae created either by insertion of yeast sequences 
at heterologous sites and/or insertion of E. coli sequences (Stapleton and Petes 1991; 
White et al. 1993; Schwacha and Kleckner 1994; Fan et al. 1995; Wu and Lichten 1995). 



An extensively analyzed hotspot in S. pombe is the M26 site, which was 
created by a G to T transversion within the ade6 gene near its 5’ end. 
M26 enhanced both meiotic recombination and gene conversion by 
about 10- to 15-fold. M26 produces eight times as many 3*:l'tetrads as 
r:3' tretrads in crosses with ade6' strains, suggesting M26 to be a recipi- 
ent rather than a donor of genetic information. M26 stimulates the co- 
conversion of other mutations to its right, left, or at both sides, but 
stimulation decreases exponentially with increasing distance. It is 
thought to initiate rather than to stimulate the resolution of recombina- 
tion events (Gutz 1971; Ponticelli et al. 1988; Grimm et al. 1990, 1994). 
Although DSBs or single-strand breaks were not detected in the ade6 
region, there is genetic evidence for the formation of hybrid DNA 
(Bahler et al. 1991; Schar et al. 1993; Schar and Kohli 1994). 

G to C transversions are often left uncorrected in S. pombe and C-C mismatches gener- 
ated by the formation of hDNA between marker and wild-type sequences can be followed 
in crosses by postmeiotic segregation (PMS, see Sect. 3.a; Schar et al. 1993). 

A 7-bp sequence, 5’ATGACGT3’ including the M26 mutation (under- 
lined), is required for hotspot activity. This sequence seems to act as a 
recognition sequence and entry site for recombination enzymes. A het- 
eromeric protein consisting of a 70-kDa and a 28-kDa subunit binds 
specifically to this sequence in meiosis but also in mitosis. Protein 
binding cannot be enough to initiate recombination as M26 affects only 
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meiosis. For activity, it seems to require other chromosomal site(s) 
and/or a higher-order chromatin structure: M26 hotspot is mostly inac- 
tive when moved into other chromosomal environments (Schuchert et 
al. 1991; Ponticelli and Smith 1992; Wahls and Smith 1994). In accor- 
dance, the ade6 promotor is hypersensitive to nucleases and its deletion 
in CIS abolishes M26 function. Insertion of the ura4* gene upstream of 
ade6 creates a new hotspot, but activity is reduced in presence of M26, 
indicating competition between both sites. If vice versa integrated at the 
ura4 locus, M26 has an orientation-dependent hotspot activity (Ponti- 
celli et al. 1988; Bernard! et al. 1991; Virgin et al. 1995; Zahn-Zabal et al. 
1995). It is not yet clear from these observations if M26 acts in another 
way to promote recombination than the hotspots in S. cerevisiae, for 
example via single-strand breaks, as the 8-bp-long Chi-sequence does in 
E. coli (Smith 1994). 



c) Coldspots 

Information available on coldspots is rare in fungi. Prominant represen- 
tants of coldspots are the rDNA repeats and the centromeric regions in 
S. cerevisiae and the 15-kb spacer region in the mating-type region of 
S.pombe (Petes and Bothstein 1977; Egel et al. 1984; Nakaseko et al. 
1986). The latter has been studied to some extent with respect to meiotic 
recombination. 

The mating-type region of S. pompe is composed of three different mating-type loci 
(mail, mat2, mats) located at 15-kb intervals on the right arm of chromosome II. Two of 
these loci, mat 2 and mats, are silent in transcription (Schmidt and Gutz 1994). mat2 and 
mats segregate in meiosis I as a single locus even though they are separated by a distance 
of 15 kb. Recombination frequency between these two loci is about 1000-fold lower than 
expected by the physical distance (Egel et al. 1984). 

Recombination of the mat2~mat3 coldspot is probably repressed by the 
same mechanism as transcription, and the chromatin structure is be- 
lived to play an important role in this process. Mutations in various loci 
{crll, crl2, crl3, crU, rikl, swi6) lead to derepression of recombination 
and to simultaneous activation of transcription at both mat loci. These 
mutations affect also centromere function and cause highly elevated 
rates of chromosomal loss. Pairwise, they confer the same pleiotrophic 
phenotype as each individual mutation and, thus, appear to act in the 
same pathway. Their products are thought to form a complex involved 
in heterochromatin assembly, and at least the Swi6 protein has been 
shown to be associated with heterochromatin (Egel et al. 1989; Lorentz et 
al. 1994; Ekwall and Ruusala 1994; Thon et al. 1994; Allshire et al. 1995; 
Ekwall et al. 1995). 
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Many of the numerous genes and mutants of S. cerevisiae mentioned in 
this chapter have been analyzed at the protein level (Table 1 and below). 
Some genes and proteins have also been characterized from other fungi 
(see Table 2) and a picture of their functions and roles in meiosis and 
recombination is beginning to emerge. 

Many of the listed proteins have a function not only in meiosis but also in DNA repair, 
mitosis, and mitotic recombination (see Petes et al. 1991; Heyer 1994; Camerini-Otero 
and Hsieh 1995; Shinohara and Ogawa 1995). To describe all these additional actions is 
far beyond the scope of this chapter. 

For some of the fungal proteins, e.g., DNA polymerase and strand- 
exchanging proteins (Tables 1 and 2) the function is quite clear either 
from direct biochemical data or from sequence homologies to proteins 
of known function. Only in S. cerevisiae, with more than 40 described 
proteins, it is possible to define genetically and biochemically groups of 
functionally related proteins to a broader extent and to look into protein 
interactions. It is often so that only formed complexes give insight into 
the function of single proteins. In the following, protein actions and in- 
teractions so far established in the meiotic process are described, a 
knowledge that is expected to increase quickly in the future. 



a) Proteins in Chromosomal Structure 

RAD50 has some similarities to the SMC (structural maintenance of 
chromosomes) family of proteins involved in chromosome segregation 
and/or condensation and are most likely key components in establishing 
the ordered structure of chromosomes. RAD50 contains nucleotide- 
binding motifs and a coiled-coil structure and interacts with MREll. 
Both proteins show self-interaction, and both are known to bind to 
dsDNA. In addition, MREll interacts with protein XRS2. A current 
model implies that RAD50-MRE11-XRS2 complexes bind to DNA at 
exposed sites in the chromatin in order to recruit other meiosis-specific 
proteins. Binding of the complex may change chromatin structure and 
could produce spontaneous recombinogenic lessions, but it is also in- 
volved in some step of the repair process after DSB formation (Alani et 
al. 1989; Raymond and Kleckner 1993a, b; Johzuka and Ogawa 1995; 
Ogawa et al. 1995; Strunnikov et al. 1995). The proposed induction of 
spontaneous breaks is not necessarily contradictory to the reported 
protein mediated formation of DSBs (see Sect. 5.a). 




Table 1. Proteins involved in meiosis and meiotic recombination in S. cerevisiae (see Petes et al. 1991 for a compilation of effects of mutations on 
meiosis and mitosis) 
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MER2 REC107 Meiosis-specific; may modify the activity of the RAD50-MRE1 1-XRE2 complex Cool and Malone 

in DSB formation ( 1 992), Rockmill et 

al. (1995), Storlazzi 
et al. (1995) 

MLHl Mismatch repair protein, homologous to MutL of E. coli and HexB of Streptomy- Prolla et al. (1994a), 
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RAD6 UBC2, E2 A ubiquitin-conjugating protein affecting meiotic recombination and sporula- Bailly et al. (1994) 
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REC104 recl04 is a meiosis-specific, early-acting gene which suppresses certain hopl Galbraith and Ma- 

mutations if overexpressed; a reel 04 null mutation leads to complete loss of lone (1993), see text 

recombination 




RECl 14 Affects meiosis and meiotic recombination; specific function not known Pittman et al. (1993) 

REDl A component of the SC; is a meiosis-specific, early-acting gene Hollingsworth and 

Johnson (1993), see 
text 



Recombination: Meiotic Recombination in Fungi 



337 



X 

(L> 



ON 

ON 



bO 

a 

CO 



ON 

ON 



<U 



T3 

. a 
13 ^ 






jO 00 



<u 2 S 2^ 

6 W3 c ON ^ 



'S)® a 13 2 o 

rj « 4) QJ Cd t 
*r3 o fti ctf 

•g I a a o 

9 2 .5 .S 5 ^ S' 

PQ w CO CO W 



ON 

ON 



0> 

0> 



PQ 

CO 

w 

.s 

‘53 

4-J 

o 

Vh 

a 

00 

.S 

3 

'O 

a 

cd 



O 

u 

O. 

<u 

00 

P5 

cd 

J3 



<u 

O 



<u 

o 

< 

z 

Q 

o 

<u 



^ S 

to *u 

e g. 



< 

iz; 

Q 



d 

o 

Id 

g 

3 

S 

o 

u 

(U 



d 

*+-• 

cd 

g 

3 

6 

o 



.2 

‘53 

6 

S ^ 

<: cd 

Oq .23 

r CO 

*53 
6 



d 

> r 
<u 00 

M -• 

D. ^ 

2 S 

S.‘S 

o p 
K 




cd 

d , 

CT-: 

-d «« 
»H S d 

^ ® o .2 

cd 1—7 d 
M Id iS 

— S •« 3 2 

d 00 o ^ § 

^ to O 

d 3^ d 

ti.'d d ^ 0^ 

d d ‘C 



W) 4> „ 

4) M 5 *d U 

" 6 IS 

d Cd ^ <u I 
d 



I til 



CS j- 1) 

o |> - . 

0 2 ■§ S -a 

1 -S o S g 

2 « -ii e .S 
a a u o 

2 -- S'g i 

O S K “8. 

g 

3H^ 

P «; -s V 



idco^SJi^«>d-2 
"•r* rri ? " d ttIn o T3 r» 



d cx So JO .d 
,.d «o ^ Q 



a < 




ca 

^ pin 

W H 

CO < 

Q 









1-H 


CO 


m 


< 


s 


(N 


o 


O 


O 




W 




P-. 


Pt, 


cu 


PtH 


CO 


OO 


CO 


CO 


CO 




SRS2 RADH, HPR5 DNA helicase required for full meiotic activity; protein activity is somehow re- Rong and Klein 
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Table 2. Characterized proteins and cloned genes involved in meiotic recombination in fungi (except S. cerevisiae) 

Organism Protein/gene Features and functions Reference 

Agaricus bisporus DNA polymerase Homologue to DNA polymerase p of C. cinereus Takami et al. (1994) 
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RAD22 Homologous to RAD52 of 5. cerevisiae Ostermann et al. (1993) 




RAD32 Homologous to MREl 1 of S. cereviciae Tavassoli et al. (1995) 
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The RecA-like protein RAD51 forms right-handed helical filaments on 
both ss and dsDNA similarly to the E. coli strand-exchange protein 
RecA. The DNA in these RAD51 filaments is highly extended. RAD51- 
ssDNA, but not RAD51-dsDNA, filaments seem to be active in strand 
exchange. RADS 1 -mediated pairing and strand exchange initiates at the 
5’ end of the complementary strand in the linear duplex in a polarity 
opposite to the RecA-mediated reaction. The reaction is strictly depend- 
ent of ATP, consistent with RAD51 being a ssDNA-dependent ATPase 
(Ogawa et al. 1993; Sung 1994; Sung and Robertson 1995). RAD51 and 
the meiotic-specific RecA-like DCMl protein come together at particular 
sites in prophase nuclei before the SC central region is formed. They 
may be components of recombination nodules and probably act together 
during recombination. RAD51 forms protein complexes independently 




Synaptonemal complex 



Fig. 7A,B 
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Fig. 7A-C. Protein interactions and localizations in early prophase I. A The recombino- 
some. B The proposed organization of the HOP 1 -RED 1 complex in the synaptonemal 
complex (SC). C Proteins acting in mismatch repair. (After Friedman et al. 1994; Prolla et 
al. 1994; Hays et al. 1995) 



of DMCl but DMCl does not form complexes without RAD51. DMCl is 
lost as soon as the SC central region is assembled and may therefore be 
part of the early nodules (Bishop 1994). RAD52, RAD55, and RAD57 
have specific positions in multiprotein complexes, a so-called recombi- 
nosome (see Fig. 7A). RAD55 interacts with both RAD57 and RAD51 
which, in turn, interacts with RAD52. Binding of these protein com- 
plexes to DNA may help to modify the chromosomal structure. RAD51, 
RAD55, and RAD57 at least have been shown to be required to facilitate 
strand invasion into donor sequences which are otherwise inaccessible 
because of the chromatin structure (Donovan et al. 1994; Hays et al. 
1995; Johnson and Symington 1995; Sugawara et al. 1995). The SSB pro- 
tein RPA may be part of the recombinosome and possibly interacts with 
RAD52. It enhances the ATP-dependent strand exchange activity of 
RAD51 (Fig. 7A; Sung 1994; Hays et al. 1995; Firmenich et al. 1995). 



y) DNA Strand Exchange 

The SEPl protein promotes DNA strand exchange without an intrinsic 
polarity and a need for ATP. It has an intrinsic 5’ to 3’ exonuclease ac- 
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tivity which is essential for initiating strand exchange. SEPl has nuclease 
specificity for G4 tetraplex DNA, 5’ to 3’ exoribonuclease activity, and a 
role in microtubule association and function, sepl mutants are arrested 
before the first meiotic division. In addition, SEPl appears to have some 
effect on meiotic recombination levels, especially in "pop-out" recombi- 
nation of tandemly repeated sequences, but other strand exchange en- 
zymes seem to be able to substitute partially for the sepl defect in dou- 
ble-strand break repair (Bashkirov et al. 1995; Heyer et al. 1995; Interthal 
et al. 1995; Liu et al. 1995b; Tishkoff et al. 1995). 



6) hDNA and Mismatch Repair Proteins 

Protein RADI seems to affect the length of hDNA and is probably in- 
volved in its extension and processing. RADI complexes with RADIO 
and this complex exhibit single-strand DNA endonuclease activity 
(Tomkinson et al. 1994; Davies et al. 1995). MSH2, a homologue to the 
bacterial mismatch repair protein MutS, binds strongly to hDNA con- 
taining base pair mismatches, short nucleotide insertions, or larger pal- 
indromic insertion mismatches, and regulates the forward migration of 
Holliday junctions (Alani et al. 1995). MLHl and PMSl, both MutL 
homologues, individually have only low-affinity DNA binding but they 
associate and act together to bind MSH2-heteroduplex complexes (Fig. 
7C; Prolla et al. 1994a, b). The MutS homologue MHS3 appears to have a 
different substrate specificity than MSH2 and affects mostly the stability 
of microsatellites, i.e., small repeated sequence motifs (Strand et al. 
1995). MSH4 and MSH5 are not directly involved in mismatch repair but 
they may have a stabilizing effect on the heteroduplex. MSH4 localizes to 
discrete sites on pachytene chromosomes (Ross-Macdonald and Roeder 
1994; Hollingsworth et al. 1995). 



e) Proteins of the SC 

ZIP is found with DMCl in the central region of the synaptonemal 
complex (SC), influences the width of the SC, and seems to be a compo- 
nent of the transverse elements. ZIP forms protein aggregates and seems 
to promote dissociation of DMCl complexes (Bishop 1994; Sym and 
Roeder 1995). HOPl and REDl are thought to be components of the SC 
because antibodies against HOPl and REDl are found to bind specifi- 
cally to the SC and unsynapsed axial elements. Overexpression of REDl 
leads to allele-specific suppression of hopl, implying that both proteins 
are part of the same protein complex. HOPl has a putative zinc-finger 
DNA-binding motif and it forms multimers. This suggests that chains of 
HOPl-HOPl polymers interact with DNA on the outside of the SC and 
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on the inside with REDl (Fig. 7B; Friedman et al. 1994). Protein REC104 
may also interact in some way with HOPl. It seems to enhance the effec- 
tiveness of residual functions for recombination in the absence of a 
functional SC (Galbraith and Malone 1993; Hollingsworth and Johnson 
1993). 



6. Conclusions 

In this chapter we have shown the potential of using fungal organisms 
for the study of meiosis and meiotic recombination. Many questions 
have been addressed throughout. Answers to these questions have 
started to appear, especially following the boom of publications in the 
past few years which have been made possible through the development 
of many new techniques (e.g., nuclear spreading methods, FISH: fluores- 
cent in situ hybridization, two-dimensional DNA gel electrophoresis, 
and the yeast two hybrid system). Many questions remain still unan- 
swered and new ones have emerged following the appearance of new and 
often surprising data. 

- Single mechanisms consistent with all of the genetic, physical, and 
molecular data obtained are still difficult to evaluate in both the cy- 
tology of meiosis and meiotic recombination. It is not clear if there 
are any common mechanisms amongst the fungi in either process. 
There are clearly many parallels which can be seen between different 
sets of fungi. In other cases, such parallels might be there but still be 
hidden behind more complex structures or mechanisms. An obvious 
example for this could be the presence or absence of an SC. 

- By far the greates progress in explaining meiosis has been made in 
S. cerevisiae, not only because of existing mutants, but also because of 
the ease of generating new mutants. The recognized number of char- 
acterized functions in meiosis and meiotic recombination now makes 
it possible to establish connections between different proteins and 
the various steps and phenomena in the meiotic process. Finding 
similar protein functions in other fungi will help to understand the 
mechanisms as a whole. 

- Only at the end of 1995 did it become obvious that the gap repair 
model of Szostak et al. (1983) will not be valid at least for meiotic re- 
combination in bakers’ yeast. The data relate rather to the earlier 
proposed DSB repair model of Resnick (1976), which has become in- 
corporated into the newest and current model for recombination ini- 
tiation of Schwacha and Kleckner (1995) DSBs have not been de- 
tected so far in S. pombe, although they were sought, especially at the 
M26 hotspot. It will be interesting to see if additional mechanisms 
were developed in different organisms in how to initiate and achieve 
meiotic recombination. 
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- There is much more information to be reviewed in connection with 
fungal meiosis, for example just to name the phenomena of repeat- 
induced point-mutation (RIP), methylation induced premeiotically 
(MIP) (Rossignol and Faugeron 1994), and the potential effects of the 
diverse translocations and karyotypes observed in fungi (Zolan 
1995). Altogether fungal meiosis is an exciting field to study and 
promises to be even more exciting in the future. 
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III. Mutation: Site-Directed Mutagenesis 

for Structure-Function Analyses of the Photosystem II 

Reaction Center Protein D1 

By Christer Jansson and Pirkko Maenpaa 



1. Introduction 

Photosystem II (PSII) is a large, heteromeric enzyme complex with more 
than 20 different polypeptide subunits and an array of cofactors, that 
participate in the photosynthetic electron transport in the thylakoid 
membranes of chloroplasts and cyanobacteria (for recent reviews, see 
Andersson and Styring 1991; Debus 1992). PSII is an oxido-reductase 
and couples the oxidation of Hp with the reduction of the plastoqui- 
none through a series of intermediate redox reactions. The 32-30- 
kDa D1 and D2 polypeptides, together with the two subunits of cyto- 
chrome b559 and an additional low-molecular weight polypeptide, 
constitute the smallest entity of PSII capable of stable charge separation 
over the thylakoid membrane, and form the reaction center of PSII (see 
Andersson and Styring 1991). A heterodimer or the D1 and D2 polypep- 
tides binds many of the cofactors involved in the primary photochemis- 
try of PSII, such as the reaction center chlorophyll P680, the immediate 
electron acceptor pheophytin, the primary and secondary quinone elec- 
tron acceptors, and Q^, the immediate electron donor tyrosine Z, and, 
most likely, the Mn cluster required for the H^O oxidation process. 

In chloroplasts, the D1 protein is synthesized as a precursor with a C- 
terminal extension of typically nine amino acids. It is integrated into the 
stroma lammallae and subsequently transported to the grana stack, 
where it is found as part of the functionally active PSII complexes. 
Meanwhile, the protein is processed by removal of the extension and 
covalently modified (for a review, see Mattoo et al. 1989). In cyanobac- 
teria, which lack grana lamellae, the sequence of events is less clear. 

The D1 polypeptide exhibits a high turnover in the light. It is rapidly 
degrated following a functional deactivation of PSII known as photoin- 
hibition. This is followed by proteolytic cleavage of D1 by a D1 -specific 
protease and its removal from the PSII complex (for a review, see Aro et 
al. 1993). To compensate for its short life span in the light, the synthesis 
of the D1 polypeptide is light-activated. This light regulation of psbA 
gene expression is exerted at the transcriptional, posttranscriptional, 
and/or translational levels (Mohamed et al. 1993 and references therein). 
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Control of psbA gene expression also involves other factors than light 
(Danon and Mayfield 1991, 1994a, b; Tyystjarvi et al, 1996). 

The D1 protein is encoded by the psbA gene. In plants and algae, psbA 
in most cases exists as a single-copy gene on the plastid genome. In cya- 
nobacteria, on the other han, psbA belongs to a small multigene family 
with two to seven members (Mohamed et al. 1993 and references there- 
in). The D1 and D2 proteins have evolved from the progenitors of the L 
and M subunits, respectively, of photosynthetic reaction centers in pur- 
ple bacteria (Michel et al. 1986; Trebst 1986; Michel and Deisenhofer 
1988), and the model of PSII is based on the three-dimensional structure 
of the L/M heterodimer (Deisenhofer et al. 1985; Michel and Deisenhofer 
1988). 



2. Phylogenetic Conservation of the D1 Amino Acid Sequence 

The D1 protein is highly conserved throughout the phyla (Table 1), with 
identities at the amino acid level of up to ~80% between such diverse 
organisms as angiosperms and cyanobacteria (see also Svensson et al. 
1991). A notable difference is the seven-amino-acid insertion found in 
the C-termini of D1 from cyanobacteria, rhodophytes (red algae), pheo- 
phytes (brown algae), and the prochlorophyte Prochlorococcus marinus 
(Table 1; see also Morden and Golden 1989). As has been shown for the 
cyanobacterium Syncehocystis 6803 (Nixon et al. 1992), this seven- 
amino-acid insertion is contained within the processed region of the D1 
precursor protein. The D1 protein from the algae Euglena gracilis lacks 
the C-terminal extension corresponding to the processed sequence and 
thus does not seem to be synthesized as a precursor (Karabin et al. 1984; 
Keller and Stutu 1984). 



3. Folding Pattern for the D1 Protein 

Analyses of the amino acid sequences of the D1 and D2 proteins and 
comparison with the structure of the L/M heterodimer show that the D1 
and D2 polypeptides each have five transmembrane helices (A through 
E) with their N-terminals at the stromal/cytosolic side and the C- termin- 
al at the lumenal side (Fig. 1; Trebst 1986). The helices are connected by 
the lumen-exposed A-B and C-D loops and by the cytosol/ stroma- 
exposed B-C and D-E loops. The C-D and D-E loops possibly contain a 
helix. 




Table 1. Alignment of D1 sequences 
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Fig. 1. Folding pattern and sequence for the D1 protein. The sequence shown is for the D1 protein encoded by the psbkl or psb A3 genes 
in the cyanobacterium Synechocystis 6803. Conserved positions are circled 
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4. Structure-Function Analyses of Organisms 
with Mutated D1 Proteins 

A number of site-directed mutations have been introduced in the D1 
protein, primarily in the cyanobacterium Synechocystis 6803 and the 
green alga Chlamydomonas reinhardtii, as an approach towards identify- 
ing functionally important amino acids (Table 2). The suitability of cya- 
nobacteria as model systems in this line of work has been reviewed by 
Jansson and Lbnneborg (1991) and Golden (1988). Several spontaneous 
mutations and mutations induced by chemical or UV-treatment have 
also been analyzed. This chapter, however, deals exclusively with data 
compiled from site-directed mutagenesis experiments conducted on 
Synechocystis 6803 and, to a lesser extent, Chlamydomonas reinhardtii. 

In the cyanobacterium Synechocystis 6803, the psbA gene family con- 
tains three members: psbAl, psbAl and psbA5 (Jansson et al. 1987). The 
psb A2 gene accounts for around 95% of the steady-state level psbA tran- 
scripts with the remainder originating from the psbA3 gene (Mohamed 
et al. 1993). The psbAl gene seems silent. In the site-directed mutagene- 
sis work on Synechocystis 6803, the mutated constructs have been intro- 
duced either into the psbAl gene (e.g., Ohad and Hirschberg 1992; 
Maenpaa et al. 1993; Chu et al. 1994; Salih et al. 1996) or the psb A3 gene 
(e.g., Nixon et al. 1992), in a genetic background where the other psbA 
genes have been inactivated or deleted. Control cells for psbA2-based 
mutations are mostly indistinguishable from wild-type cells (Maenpaa et 
al. 1993) whereas control cells for psbA3-based mutations exhibit ab- 
normal properties (Nixon et al. 1995). This makes physiological com- 
parisons between the two systems difficult. 



a) The Water-Plastoquinone Oxido-Reductase Activity 

The compiled data for lumen-exposed amino acids (Table 2) indicate the 
participation of certain carboxyl acid residues and histidines (Debus 
1992; Nixon and Diner 1992; Barry and Boerner 1994; Chu et al. 1995a), 
as well as the free carboxy terminus (Nixon et al. 1992), as putative man- 
ganese and calcium ligands. The strongest functional support has been 
reported for D170, H332, D342, and the free carboxylate of A344 (see 
Debus 1992; Nixon et al. 1992). 
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Table 2. Effects of site-directed mutations of amino acids or domains in the D1 protein 



Mutated amino 
acids or domains 


Effects 


Reference 


D59 


D59 had little effect on PSII 
activity or assembly 

Other substitutions led to 
imparied PSII activity. 


Reviewed by Debus (1992) 
and Barry and Boerner 
(1994) 


D61 


D59E had little effect on 
PSII activity or assembly 

Other substitutions led to 
impaired PSII activity. 


Reviewed by Debus (1992) 
and Barry and Boerner 
(1994) 


A(V58-D61) 


A(V58-D61) obstructed D1 
translocation; PSII activity 
and assembly were abol- 
ished 


Salih et al. (1996) 


E65 


E65D had little effect on 
PSII activity or assembly 

Other substitutions led to 
impaired PSII activity. 


Reviewed by Debus (1992) 
and Barry and Boerner 
(1994); Chu et al. (1994) 


D103-G110 


A(D103G109);G110R ob- 
structed D1 translocation; 
PSII activity and assembly 
were abolished 


Salih et al. (1996) 


Y161 


Y161F abolished PSII activ- 
ity but allowed PSII assem- 
bly 


Debus et al. (1988) 


D170 


D170E led to impaired PSII 
activity 

Other substitutions abol- 
ished PSII activity 


Reviewed by Debus (1992) 
and Barry and Boerner 
(1994); Chu et al. (1994) 


F186 


F185Y abolished PSII activ- 
ity and decreased D1 accu- 
mulation 


Maenpaa et al. (1996) 


E189 


E189D abolished PSII activ- 
ity 

E189Q led to impaired PSII 
activity 


Reviewed by Debus (1992) 
and Barry and Boerner 
(1994) 


H190 


Substitutions abolished PSII 
activity 


Reviewed by Debus (1992) 
and Barry and Boerner 
(1994) 


E226-Q233 


A(E226-Q233) destabilized 

Qb’ 

S221L, S222L dramatically 
increased resistance to- 
wards diuron herbicides 


Nixon et al. (1995) 


S221-S222 


Kless et al. (1994) 
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Table 2 (continued) 



Mutated amino 
acids or domains 


Effects 


Reference 


E229 


E229D increased the t,„ of 
D1 under high-light condi- 
tions to twice that of un- 
modified D1 


Tyystjarvi et al. (1994) 


Q241-E244 


A(E242-E244); Q241H 
decreased the t,,, 2-3 times 
compared to control-Dl 
and enhanced rate of D1 
synthesis at growth light 
conditions; the and 

SjQ„" states were stabilized; 
electron transfer between 
Q/ and Q„ was affected; 
induced high resistance to 
formate; D1 conformation 
altered 


Tyystjarvi et al. (1994, 

1996); Maenpaa et al. (1993, 
1995) 


E243 


E243K decreased 2-3 
times compared to control 
Dl; enhanced rate of D1 
synthesis at growth light 
conditions; Dl conforma- 
tion altered 


Tyystjarvi et al. (1994, 1996) 


Y246-V249; E242-E244 


A(Y246-V249::E244-245 
abolished PSII activity 


Kless et al. (1994) 


A250-A251; Y246-N247 


A(A250-A251)::Y246-247 
abolished PSII activity, 
drastically increased resis- 
tance towards diuron her- 
bicides 


Kless et al. (1994) 


Y254 


Y254S abolished PSII activ- 
ity 


Ohad and Hirschberg 
(1992) 


F255 


F255W abolished PSII ac- 
tivity 


Ohad and Hirschberg 
(1992) 


L258 


L258I; Y237F had little or no 
effect on PSII activity 

L258F; Y237F abolished PSII 
activity 


Kless et al. (1994) 


S264 


S264A increased resistance 
towards diuron herbicides 


Kless et al. (1994) 


N266-N267 


A(N266-N267) abolished 
PSII activity 


Kless et al. (1994) 


S268-S270 


A(S268-S270) abolished 
PSII activity 


Kless et al. (1994) 




Mutation: Site-Directed Mutagenesis for Structure-Function Analysis 363 



Table 2 (continued) 



Mutated amino 
acids or domains 


Effects 


Reference 


L271 


L271V had no effect on PSII 
activity; increased resis- 
tance towards diuron her- 
bicides 

L271M or L271A impaired 
PSII activity 

L271S abolished PSII activ- 
ity 


Ohad and Hirschberg 
(1992) 


S291-G360 


A(S29I-G360) severely 
impaired D1 translocation; 
PSII activity and assembly 
were abolished 


Salih et al. (1996) 


N325-E333 


A(N325-E333) allowed D1 
to integrate into the mem- 
brane but is was rapidly 
degraded; PSII activity and 
assembly were abolished 


Salih et al. (1996) 


H332 


Substitutions abolished PSII 
activity 


Reviewed by Debus (1992) 
and Barry et al. (1994) 


E333 


E333D abolished PSII activ- 
ity 

E333Q led to impaired PSII 
activity 


Reviewed by Debus (1992) 
and Barry and Boerner 
(1994) 


H337 


Substitutions impaired PSII 
activity 


Reviewed by Debus (1992) 
and Barry et al. (1994) 


D342 


D342E led to impaired PSII 
activity 

Other substitutions abol- 
ished PSII activity 


Reviewed by Debus (1992) 
and Barry and Boerner 
(1994);Chu et al. (1994) 


A344-G360 


A344stop abolished PSII 
activity 


Reviewed by Debus (1992) 
and Barry and Boerner 
(1994) 


S345-G360 


S345P prevented D1 proc- 
essing and abolished PSII 
activity 

S345R, S345A orS345L had 
no effect on processing or 
PSII activity 

A(S345-G360) or S345stop 
had no effect on PSII activ- 
ity 


Nixon et al. (1992) 
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Table 2 (continued) 



Mutated amino 
acids or domains 


Effects 


Reference 


P350-T354 


A(P350-T354) had no noti- 


Salih et al. (1996) 




cable effect on PSII activity 






or assembly 





PSII activity was in most cases monitored as oxygen evolution. D1 translocation was 
followed by pulse-chase experiments and PSII assembly by Western blot analyses. Dele- 
tions and insertions are denoted as A and respectively. 



Several amino acids residues at the C-terminal end of the D-E loop 
form together with cytosolic/stromal regions of helices D and E (Fig. 1) a 
binding niche for the secondary quinone electron acceptor Qj, as well as 
for many classes of herbicides (reviewed by Trebst et al. 1988; Bowyer et 
al. 1991). Many site-specific mutations affecting amino acids in this area 
have had an inhibiting effect on PSII activity and/or have induced her- 
bicide resistance (Ohad and Hirschberg 1992; Kless et al. 1994). The D-E 
loop of the D1 protein also forms a contact with the Q^-binding pocket 
of the corresponding loop in the D2 protein (Trebst 1986, 1991; Maenpaa 
et al. 1995). 



b) D1 Protein Turnover 

Despite the overall similarity between the D1 protein and its homologue, 
the L subunit of photosynthetic bacteria, the high light-dependent turn- 
over rate is unique to the D1 protein. Since the D-E loop of the D1 pro- 
tein is significantly longer than the corresponding region of the L 
subunit, it has been implicated as a possible target in the light-triggered 
degradation process. Interestingly, a PEST-like sequence, rich in the 
amino acids glutamate (E), serine (S), and threonine (T), but lacking 
proline (P), was identified in the N-terminal part of the D-E loop 
(Greenberg et al. 1987). PEST sequences have been suggested to act as 
signals for rapid degradation in a varietey of proteins (Rogers et al. 
1986). 

The primary cleavage site of the D1 protein during the light- 
dependent degradation has been suggested to be located in the D-E loop 
(Greenberg et al. 1987), possibly in the conserved QEEET motif (Skipton 
et al. 1989). By site-specific mutagenesis (Table 2), it has been demon- 
strated that neither the PEST-like-region (Tyystjarvi et al. 1994; Nixon et 
al. 1995) nor the QEEET motif as such (Tyystjarvi et al. 1996) is crucial 
for the proteolytical degradation of the D1 protein, although mutations 
in both regions did affect the rate of degradation (Tyystjarvi et al. 1994). 
Results by Tyystjarvi et al. (1996), obtained from studies on site-specific 
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mutants with altered D1 degradation rate, indicate the possibility of 
feedback regulation mechanisms in psbA gene expression. Their results 
also demonstrate that an enhanced rate of D1 synthesis in mutant cells 
resulted in protection against photoinhibition in vivo. 



c) Translocation and Assembly 

The results in Salih et al. (1996) suggest that the N325-E333 region is not 
required for translocation of the D1 protein but is important for the 
stability of the integrated protein (Table 2). In contrast, the V58-D61 
and D103-G110 regions of the D1 protein seem essential for thylakoid 
membrane translocation (Salih et al. 1996). 

The interesting question arises as to the function of the processes 16- 
(e.g., cyanobacteria) or 7- (e.g., plants) amino-acid-long C-terminal ex- 
tension in the D1 precursor. Since the extension can be removed without 
deleterious effects on PSII activity or assembly (Table 2; also see Lers et 
al. 1992; Schrader and Johanningmeier 1992), it seems to be dispensable 
under normal growth conditions. 
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IV. Function of Genetic Material 

Molecular Biology of Environmentally Stressed Plants 

By Eva Zyprian 



1. Introduction 

Higher plants are immobile, and hence affected by various abiotic 
(environmental) and biotic stresses. In consequence, they have devel- 
oped strategies to manage such unfavorable conditions. The understand- 
ing of these strategies is still incomplete. Complex pathways are in- 
volved, as is obvious from recent knowledge. However, the potential for 
future applications of the mechanisms elucidated through the means of 
classical breeding and biotechnology will be enormous. If plants with 
improved resistance to drought, cold, flooding, high salinity, or UV 
light, etc. may be bred or engineered, the agricultural cultivation areas of 
such vegetables and crops may be largely extended. This can open new 
possibilities for the development of agriculture in the long term. In the 
short term, it will help to find improved methods of plant protection. 

This chapter compiles the analytical methods in current molecular re- 
search on environmental stresses and shows examples of recent data. 
The adaptability given through metabolic alterations in response to 
stress conditions was reviewed by Pahlich (1994). In complementation, 
the scope of this chapter will be to describe the changes observed on the 
level of gene expression as consequences of stress, as these are the basic 
events leading to metabolic shifts and morphological alterations. Even if 
they are complex and multifaceted, continued research will clarify the 
picture in the future. Transcriptional control proved to be involved in 
most cases studied. 

The environmental factors which cause stress in plants are numerous: 
Drought (dehydration, water stress, or water deficiency) is one of the 
most important factors considered. Waterlogging or flooding is a stress 
factor severely affecting plants. Heat directly leads to denaturation of 
proteins and therefore threatens cellular metabolism and structures. 
Cold (chilling, low temperature) severely affects plants by reduction of 
cellular metabolic processes and alterations of membrane fluidity. High 
salinity in the soil causes osmotic stress and resembles the effects of 
drought in many respects. UV light has been recognized as a stress factor 
since it became obvious that modern technical achievements influence 
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the environment and cause a diminution of stratospheric ozone. Oxida- 
tive stress is caused by the formation of reactive oxygen, like the singlet 
oxygen ‘O^, superoxide radicals O^', and hydroxy radicals, that originate 
from aerobic metabolism as byproducts. 



2. Analytical Strategies for Responses to Stress 

A researcher in molecular biology who intends to start analysis of stress- 
responsive genes generally has two options: 

1. If there is no prior knowledge, identification of genes specifically 
activated under stress conditions is necessary. This is frequently 
achieved by preparing poly-A"^ RNA from stressed and nonstressed 
control plants, transcribing both RNA populations reversely into 
complementary DNAs (cDNAs) with reverse transcriptase, and 
cloning these DNAs as double-stranded molecules as two separate 
cDNA libraries. In a differential screen, both cDNA libraries will then 
be hybridized to total RNA (as labeled cDNA complements) from 
stressed plants, and the cDNA clones hybridizing more strongly will 
be selected from the stressed cDNA library. 

2. If there is already some hint as to a specific gene involved in stress 
response, and this gene has been well characterized (e.g., from a dif- 
ferent plant species), the researcher may choose the way of hybridiz- 
ing this known gene as a heterologous probe to a cDNA library con- 
structed from RNA under stressed conditions from the plant under 
investigation. This approach requires that the known heterologous 
gene is available. If this is not the case, but sequence information 
(from databases) is given, modern PCR technology can be applied 
using specific (or partially degenerate) oligonucleotide primers to 
look for amplification of a corresponding product from the genomic 
DNA of the plant of interest. The product can be cloned and hybrid- 
ized to the cDNA library again constructed from total poly A"^-RNA of 
the stressed plant examined. 

In both ways, cDNAs representing transcripts more or less specific to 
the stress conditions will be identified. 

The following steps will be the sequence analysis of the cDNAs as well as 
their hybridization to a collection of genomic DNA fragments of the 
plant studied (the genomic library) in order to identify the correspond- 
ing genomic clone(s). Sequence determination of the genomic clone and 
comparison to the structure of the cDNAs will allow the identification of 
introns, 3'-flanking regions with polyadenylation signals, and 5'-flanking 
promoters with putative regulatory elements. 

The structural gene will be converted into amino acid sequence and 
homologies to know genes can be searched for in available data bases on 
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nucleotide sequence and amino acid sequence level. Quite often, not a 
complete known gene, but a functional domain of the protein may be 
characterized through this homology search, and can give a clue to the 
function of the newly identified protein. The expression pattern can be 
studied by hybridization of the cDNAs to RNA prepared from specific 
tissues under certain stress and control conditions in Northern analyses. 
If desired, the exact start point of transcription may be determined by 
primer extension analyses or other techniques. This will confirm the 
promoter, which usually is also evident by the presence of conserved 
sequences (TATA box and CAAT) at specific locations upstream of the 
transcriptional start. Putative regulatory elements in the 5'-flanking re- 
gion are characterized by deletional or mutational analysis (e.g., linker 
scanning or introduction of specific point mutations). In these studies, 
the regulatory region is frequently joined to reporter genes (such as p- 
glucuronidase, GUS, uidA), whose expression can be easily monitored in 
transient or stable assay systems (transgenic plants). 

The following sections will describe results in the majority obtained 
with these techniques. 



3. Current Understanding 
a) Drought 

Adaptation to cellular dehydration is one of the critical characteristics 
determining the yield of cultivated plants (Alamillo et al. 1994). In addi- 
tion, plants respond to physiological drought through certain develop- 
mental stages, especially in the late stages of seed development. Seeds 
dry in their last phase of maturation before they reach a state of quies- 
cence (and sometimes dormancy). They acquire desiccation tolerance 
until their metabolism is renewed by imbibition and germination (Jiang 
and Kermode 1994). The response to environmental drought therefore 
relates to pathways in ontogeny and to a great extent is mediated 
through abscisic acid (ABA), a general plant growth regulator. This fact 
is reflected in ABA responsiveness of many genes induced upon dehy- 
dration. 



a) ABA Responsive Genes Induced by Drought 

During desiccation stress, ABA levels rise in plants. Many genes induced 
during water deficiency are also induced by ABA and by other stresses. 
Frequently they are found homologous to Lea (Lute embryogenesis 
abundant) proteins. Leas are normally expressed under developmental 
control in the late stages of seed development. They are grouped into 
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three classes depending on their amino acid compositon. Lea class II 
proteins are also called dehydrins (characterized by a serine stretch and 
a lysine-rich repeat sequence: Alamillo et al. 1994). Class III Lea proteins 
form an amphiphilic alpha helical structure with a hydrophilic surface 
and a hydrophobic "stripe" (they possess typical 1 1 amino-acid tandem 
repeats) and may participate in the reorientation of water molecules in 
the cell (Straub et al. 1994). Lea genes are in general regulated by ABA 
(Mundy and Chua 1988; Kiyosue et al. 1994; Maitra and Cushman 1994; 
Straub et al. 1994; Yamaguchi-Shinozaki and Shinozaki 1994; Goste et al. 
1995; Robertson et al. 1995). 

Even in a search for genes induced very early after the onset of dehydration in Arabidop- 
sis thaliana - before intracellular ABA levels rise - two genes are identified {ErdlO and 
Erdl4) that correspond to Lea proteins (group II) and were found to be ABA- and cold- 
inducible. This argues for several independent pathways provoking their expression, not 
only the pathway through ABA. The expression pattern under nonstressed conditions in 
this case was unusual, as these Lea proteins were expressed in vegetative tissues and 
abundant only in the early stages of seed development (Kiyosue et al. 1994). 

Fine analyses of the 5'-flanking regulatory regions in ABA- and drought-responsive 
genes identified specific n’s-active sequence elements necessary for inducibility. 

ABRE elements (abscisic acid repsonsive element, consensus sequence YACGTGGC) 
are responsible for ABA inducibility. They were identified, e.g., in the barley (Hordeum 
vulgare) dehydrin promoter (gene dhn7\ Robertson et al. 1995) and barley gene HVAl (a 
class III Lea homologue developmentally regulated and induced by drought, cold, and 
ABA). ABRE-surrounding nucleotides have accessory function during induction (Straub 
et al. 1994). 

ABREs were also found in Arabidopsis thaliana genes rd29A and rd29B (induced by 
dehydration, low temperature, high salt, or ABA treatment). The rd29A promoter con- 
tains one ABRE-like sequence and an AS (activator sequence) 1- like element. ASl is 
responsible for expression in roots. In addition, 20-bp direct repeat sequences in rd29A 
were found necessary for drought-induced expression and termed DRE (drought- 
responsive element). Their core sequence DRl functions as positive cis regulatory ele- 
ment in the response to drought, low temperature, or high salt, but does not respond to 
ABA. DRl seems to bind nuclear factors (Yamaguchi-Shinozaki and Shinozaki 1994). The 
rd29B shows three ABRE elements and a myb recognition sequence. The same authors 
describe the cloning of a transcription factor from A. thaliana, Atmyb2y which binds to 
conserved myl?-recognition sequences. Atmyb2 is responsive to water stress (Yamaguchi- 
Shinozaki et al. 1995): 

In wheat, the Em protein is a very abundant soluble protein present in mature em- 
bryos. The 75-bp flanking region of the em (early methionine labeled) gene was found to 
mediate ABA inducibility and bind a leucine-zipper type protein EmBP-1 in an ABRE. 
This binding is necessary for ABA induction (Guiltinan et al. 1990). 

Alamillo et al. (1994) performed a comparative study on drought- 
induced genes in the drought-tolerant resurrection plant Craterostigma 
plantagineum and drought-sensitive barley embryos. The majority of 
genes identified were again homologues of Lea proteins (class II and III) 
with cytosolic localization. However, two proteins were localized to thy- 
lakoids of the chloroplasts, and one to the chloroplastic stroma. These 
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data indicate that the photosynthetic apparatus is specifically protected 
under drought conditions. 

At least some of the proteins induced in both plant systems were similar and the mecha- 
nisms of protection seem to be related. In barley, a drought-induced gene was identified 
as a homologue of glucose- and ribitol dehydrogenase from bacteria. Another gene re- 
lated to the aldo-keto reductase family and is involved in the production of sorbitol, an 
potential osmolyte (Alamillo et al. 1994). 



P) Genes Regulated During Drought Stress Independently of ABA 

Besides ABA, jasmonic acid and methyl-jasmonate are general plant 
regulators which are thought to play a role during desiccation regula- 
tion, e.g., in soybeans (Creelman and Mullet 1995). 

Studies in A. thaliana identified genes regulated by drought inde- 
pendently from ABA: AtDr4 is repressed by drought and shows similar- 
ity to seed-specific Kiinitz protease inhibitor. This suggests that modifi- 
cation of proteolytic activity may be part of the drought response (Gosti 
et al. 1995). AtDil9 (function unknown) is drought-induced independ- 
ently of ABA. 

This regulation type also applies to a gene of Solarium chacoense ex- 
pressed in organ- specific manner. The predicted protein has stretches of 
similarity to water stress-inducible, ripening-related proteins of tomato, 
but also, again, to Lea proteins. A function in protection of the nuclear 
DNA from desiccation has been proposed (Silhavy et al. 1995). 

A completely different system involved in drought response has re- 
cently been identified in A. thaliana. A cDNA corresponding to a puta- 
tive phosphatidyl-inositol-specific phospholipase C (PI-PLC) has been 
reported (Hirayama et al. 1995). It is known from animal cells that PI- 
PLC plays a central role in signal-transduction pathways. Upon hy- 
drolysis of PIPj (phosphatidylinositol 4 , 5 -biphosphate), this enzyme 
creates two secondary messengers: IP 3 (inositol 1,4,5-triphosphate), that 
releases Ca^^ from intracellular stores, and DG ( 1 , 2 -diacylglycerol), that 
activates protein kinase C. These reactions present initial events in the 
transmembrane signal transduction pathway termed PI turnover system. 
AtPLCl is induced in Arabidopsis by dehydration, cold stress, and high 
salt. This finding supports the possibility of a protein kinase C homo- 
logue in plants and may explain the release of Ca^"^ (Lauchli 1990, as cited 
in Hirayama et al. 1995) involved in plant stresses. 



b) Flooding 

Flooding represents strong stress, as the zone surrounding the root is 
depleted of oxygen (anoxia) by the inhibition of gaseous exchange be- 
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tween the soil and the atmosphere. Roots can no longer maintain respi- 
ration but end up in fermentation, leading to production of the toxic 
compound ethanol. This forces the roots to change their metabolism and 
induces morphological changes. 

Plants exposed to flooding in the first place need to maintain their 
metabolism in the roots in order to create energy even in the shortage of 
oxygen. Most flooding-responsive genes therefore relate to the metabo- 
lism of glucose-phosphate. Changes in the enzyme activities of malate 
dehydrogenase, malic enzyme, alcohol dehydrogenase, and pyruvate 
decarboxylase are dramatic. (The latter two enzymes will give rise to 
ethanol from pyruvate. Ethanol is very toxic for plants cells as it cannot 
be stored in membraneous compartments). In addition, this stress leads 
to a reduced demand of the roots for assimilates from the leaves, as the 
roots stop functioning as an important sink for carbohydrates. Adapta- 
tion to these conditions is multifacted (Daugherty and Musgrave 1994). 

These authors used Brassica rapa to select for a flooding-tolerant and a flooding-sensitive 
population. The selection of flooding-tolerant plants was performed on the basis of di- 
minished chlorophyll loss, as a reduction in chlorophyll content is usually observed 
under flooding stress with sensitive plants. The resulting populations were tested under 
nonstressed and waterlogging conditions. Root growth was less affected after 6 to 8 days 
of waterlogging in the tolerant as compared to the sensitive population. The starch con- 
tent of the leaves and the concentration of soluble carbohydrates was lower in tolerant 
plants upon stress. The levels of alcohol dehydrogenase and pyruvate decarboxylase 
showed dramatic increases in the sensitive stressed plants within the first 24 h after the 
onset of stress conditions. This enzymatic rise was less pronounced in the tolerant 
population. The roots in the tolerant population could maintain their function as carbo- 
hydrate sink for a longer time. 

Saab and Sachs (1995) isolated a flooding responsive gene from Zea 
mays which shows homology to xyloglucan endotransglycosylase (XET) 
and related glucanases. XET is an enzyme involved in molecular rear- 
rangement of polysaccharide chains that link cellulose fibers. Increased 
XET activity is normally found during fruit ripening and also observed 
in water deficit. It is thought to loosen the cell wall prior to its further 
enzymatic degradation and probably is involved in structural modifica- 
tions being part of the flooding response. These include the formation of 
intercellular air spaces in order to help the cells to survive. 



c) Heat Shock 

Heat is a major factor threatening plants. Normal protein translation 
and transcription are halted, DNA synthesis stops, rRNA processing will 
be inhibited, and the cytoskeletal structure changes. The whole cell is 
reprogrammed in order to protect itself. If the heat shock applied to 
organisms surpasses the optimal temperature by 8 to 12 °C, specific re- 
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actions are induced which are reversible upon return to normal tem- 
peratures (Hemleben 1990). The heat shock response has been well 
studied in animals and represents the stress response best known also in 
plants. It thus can serve as a model for other stresses. Heat shock- 
inducible genes are under transcriptional control by heat shock factors 
(HSFs) that bind to heat shock elements (HSEs) in the regulatory regions 
of the promoters (Scharf et al. 1993). However, the more is known, the 
more complex the picture emerging. It has been recognized that many of 
the so-called heat shock proteins (HSPs, originally defined by their in- 
duction through heat shock) represent normal cellular proteins or have 
very similar equivalents expressed during normal development (cognate 
heat shock proteins, HSCs). 



a) Small Heat Shock Proteins 

These are 16 to 30 kDa in size and represent the most abundant HSPs in 
higher plants. During heat stress adaptation, about 30 low molecular 
weight (Imw) HSPs are synthesized (Helm et al. 1995). They have been 
divided into four families: one family represents ImwHSPs localized in 
the plastids, one in endomembranes, while another two classes (I and II) 
are cytoplasmic (Vierling 1991). Class I cytoplasmic ImwHSPs are char- 
acterized by a typical GVLTV motif within a conserved hydrophobic 
domain in their carboxyterminal region (Jorgensen and Nguyen 1994; 
Coca et al. 1994). HSPs form large multimeric aggregates and probably 
function as chaperonins in the cell (Parsell and Lundquist 1993). Chap- 
eronins help in the folding of proteins without being themselves in- 
volved in protein structure, and are assumed to assist protein transport 
across membranes. 

The genes encoding smHSPs (or ImwHSPs) usually can easily be 
identified due to their homology to already known plant smHSPs. 

Phsp20, and 28.8-kDa ImwHSP was recently isolated from Papaver somniferutn (Facchini 
and De Luca 1994). This gene is expressed in callus cultures, roots, and carpels of the 
opium poppies, indicating its possible role in normal development. 

Two ImwHSPs were isolated from sunflower {Helianthus annuus) and identified as 
class I (Hahsp 17.6) and classll (Hahsp 17.9) representatives. Both were expressed on 
mRNA and protein level during zygotic embryogenesis and persisted into germination. 
(They were found active in hypocothyls and radicles of young seedlings). This observa- 
tion confirms a developmental control and function of some ImwHSPs. It has been sug- 
gested that the classll ImwHSP here may even relate to water stress and could be induced 
by the water loss of the embryo during germination (Coca et al. 1995). Expression data of 
Zmhspl7.2, a ImwHSP of class 1 recently isolated from Zea mays, indicate induction by 
mild heat stress, but no maintenance over longer time periods or more elevated tempera- 
tures. In this case, data argue for a transient transcription. Southern blotting revealed 
that the gene belongs to a family with complex genomic organization, and polymor- 
phisms have been observed (Jorgensen and Nguyen 1994). Marmiroli et al. (1993) identi- 
fied a small class 1 cytosolic hspl8 gene from Hordeum vulgare containing two heat shock 
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elements in its promoter but also an MRE (metal responsive element). This fact can 
explain the observation that in barley, ImwHSPs are controlled by cadmium ions in addi- 
tion to rapid heat induction. The protein carries an 55-amino-acid extension (as com- 
pared to other ImwHSPs) at the C terminus. 

An ER resident ImwHSP was recently isolated from Pisum sativum, Glycine max, and 
Arabidopsis thaliana (Helm et al. 1995). The protein from A. thaliana Athsp22 was proc- 
essed to 20 kDa by ER-derived canine pancreatic microsomes and contains a minimal 
retention signal (SKEL motif) for the ER. This gene was not active under normal condi- 
tions but transcribed to high levels only during heat stress. 



(3) The HSP70 class 

A larger class of HSPs are the 70-kDa proteins known as HSP70 con- 
served in many organisms. They represent an ubiquitous superfamily 
and have constitutively expressed equivalents, the HSC70s (cognate HS). 
They are ATP-dependent chaperonins and assist protein folding and 
translocation across intracellular membranes into organelles. In plants 
they are encoded by gene families; A. thaliana possesses at least ten 
hsp70-\ike genes (Wu et al. 1994). 

HSC70-1 from A. thaliana has been identified by its homology to Petunia and rat HSC70s, 
exhibiting strong similarity on nucleotide and amino acid sequence level in the N- 
terminal 44-kDa ATPase- and the 18-kDa peptide-binding domain. The gene is develop- 
mentally regulated (expressed in roots, leaves, stems, and flowers) and induced by heat 
stress as well as - to a lesser extent - by ABA. Multiple copies and polymorphisms exist as 
determined by genomic hybridization (Wu et al. 1994). 

An ER-luminal HSC70 was isolated from Spinacia oleracea by an antibody directed 
against ER luminal HSC70 from tobacco. The gene is expressed during normal growth 
and upregulated during cold, but not expressed in heat shock or other stresses (Anderson 
et al. 1994). Another HSC70 is synthesized during early pollen development in tomato 
(Lycopersicon esculentum) and stored in mature and germinating pollen. In tomato, 
HSP70 heat shock proteins cannot be induced in mature pollen by heat (Duck and Folk 
1994). 

An HSP70 from barley is upregulated during early embryogenesis. Hybridized to 
genomic DNA from five different cultivars it reveals polymorphisms. The gene was 
mapped to chromosome 6 (Chen et al. 1994). 



Y) The HSP82/90 class 

The HSP 82/90 represents the third class of heat shock proteins. They are 
localized to the nucleus and the cytoplasm and are developmentally 
regulated in addition to being heat-inducible. They may form a molecu- 
lar scaffold also with chaperonin function. The protein has two regions 
of extremely high negative-charge density. The expression of HSP82/90 
differs from HSP70. It reaches its maximum level at only a few degrees of 
temperature shock and declines early, while HSP70 keeps rising. Two 
gene families encoding HSP70 and HSP82 from rice provide evidence 
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that both types are not induced by the same stresses. Hsp70 is induced 
upon several perturbations, while hsp82 accumulates only through heat 
stress (Van Breusegem et al. 1994). 

Rice hsp82B contains two introns and four or five related copies in the genome. Two 
hydrophilic regions are moderately conserved. Two potential ATP-binding motifs may 
serve an autophosphorylation activity of the protein. A stretch of leucine zipper-type 
organization is remarkable as it may contribute to intermolecular associations. An 
MEEVD motif conserved among HSP82/HSP90 proteins of several species is present. 
Hsp82B carries six HSEs in its S'-flanking region and accumulates RNA rapidly under 
heat shock. Heat shock can also cause osmotic stress due to enhanced transpiration and 
water loss leading to the buildup of several salts within the plant. Looking into this pos- 
sibility showed an accumulation of HSP70 message after salt treatment, but no induction 
of hsp82B was detectable. The two genes of rice thus are regulated through different 
sensor systems. Hsp70 may have separate regulatory elements responding more to pro- 
tein denaturation and other effects caused by heat stress (Van Breusegem et al. 1994). 

In A. thaliana three HSP81 variants (Hsp8l-1, -2, -3) have been characterized. Hsp81-3 
encodes 699 amino acids, has two introns and a leucine zipper domain in the protein. 
The leucine zipper is conserved also in hsp81-l and hsp81-2. The three genes are differ- 
entially expressed. The order of heat induction is hsp81-l > hsp81-2 > hsp81-3, while the 
constitutive expression follows an opposite order. hsp81-3 has only one HSE, while the 
other two hsp genes possess two such regulatory elements. Hsp81-1 is present in non- 
stressed roots and is highly heat-inducible; hsp8l-2 and -3 are built during pollen devel- 
opment and little heat-inducible (Yabe et al. 1994). 



5 ) The HSPl 00 class 

The HSP 100 or ClP (caseinolytic protease) family is a class of large heat 
shock proteins found in pro- and eukaryotes. Some members of the class 
are heat-induced, others not. They also are assumed to have chaperonin 
activity and limit heat-induced damage by preventing protein aggrega- 
tion. They have two ATP-binding domain (consensus GXXGXGGKT) 
elements. According to the spacer between these two domains, the 
HSP 100s are grouped into three subfamilies: Clp-A (small or no spacer), 
Clp-B (spacer about 120 residues), and Clp-C (spacer around 65 residues; 
Gottesmann et al. 1990; Squires and Squires 1992; Lee et al. 1994; 
Schirmer et al. 1994). HSPlOO/Clp-Cs have been characterized in pea 
(Moore and Kegstra 1993), tomato, and Arabidopsis (Schirmer et al. 
1994). They have N-terminal signal transit peptides for chloroplast tar- 
geting. The HSPlOOs in general are poorly characterized but have been 
found to play a role in thermotolerance. The Arabidopsis AtHsplOl was 
able to complement the deletion of HSP 104, the correspinding protein, 
in yeast in its capability to acquire thermotolerance. The same experi- 
mental evidence was provided for soybean GmHsplOl (Lee et al. 1994). 
These are the only examples of a genetically proven function in thermo- 
tolerance in plant proteins. 
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d) Cold Response and Cold Acclimation 

This stress factor affects metabolism and membranes. In extreme cases, 
the formation of ice crystals will destroy cellular structures. During 
moderate cold, plants, however, can adjust, as is evident from the phe- 
nomenon of cold acclimation. Plants can acquire new developmental 
potentials through vernalization and stratification through cold treat- 
ment. The changes taking place during these phases concern gene ex- 
pression. Regulatory strategies have mainly been studied during this 
cold acclimation. 

However, the cold response is not yet understood as well as the heat 
response. Gene function is less clear but induction of specific new genes 
during cold acclimation has been observed. Many of the cold-induced 
genes are also activated during other stresses or under developmental 
control. Some characteristics specifically acquired by the plants under 
cold stress, however, are thought to relate to the demands under these 
conditions. One such characteristic is the increase in the highly unsatu- 
rated fatty acids (trienoic, 16:3 or 18:3) produced at low temperature. 

Mutants of Arabidopsis with reduced trienoic fatty acids (e.g., fad7. Browse et al. 1986) 
are more susceptible to chilling. A cDNA complementing this mutation has been isolated 
and encodes chloroplast-(0-3-fatty acid desaturase (Iba et al. 1993). The introduction of 
this desaturase gene into tobacco led to increased amounts of trienoic fatty acids and 
ameliorated cold tolerance (Kodama et al. 1994). Growth rates and leaf chlorosis were 
less affected by chilling in three independent transgenic lines. This indicates that trienoic 
fatty acids contribute importantly to cold tolerance. 

The level of unsaturated phosphatidylglycerol is also thought to be de- 
termined by glycerol-3-P acetyltransferase and chilling sensitivity was 
altered after introduction of this gene into transgenic Arabidopsis 
(Wolter et al. 1992). Similarly, effects on menbrane composition and 
their protein components by chilling is substantiated by the recent 
identification of a bimodular protein MSACIC, which may associated 
with membranes (Castonguay et al. 1994). This protein has been identi- 
fied by its cold-induced gene from alfalfa (Medicago sativa). 

It is rich in proline, serine, threonine, and alanine, with a C-terminal long hydrophobic 
domain and a hydrophilic domain. Homologies in the C-terminal domain with the hy- 
drophobic regions of genes under developmental control in other species are detectable. 
In alfalfa, however, the msacic gene message accumulates only at 4 °C and after wound- 
ing. 

Differential screening in Brassica napus led to the identification of a 70- 
kDa tonoplast ATPase that might be involved in osmotic adjustments of 
the cell sap during cold acclimation (Orr et al. 1995). 
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The transcript of this cDNA (BN59) accumulates during cold treatment, but also after 
application of ABA at normal temperature and drought (Orr et al. 1995). 

Two specifically cold-regulated genes were isolated as cDNAs RCIl and 
RCI2 from Arabidopsis seedlings. They exhibit rather slow induction and 
differential expression through cold acclimation. They are not induced 
by other factors like ABA or water stress, nor under developmental or 
organ-specific control. Both genes show homologies to a regulator of 
signal transduction/phosphorylation mechanisms. Modulation of the 
phosphorylation state of proteins acts at the level of protein kinases and 
seems to be part of the cold response (Jarillo et al. 1994). 

Another hint for protein phosphorylation as part of the plant response to chilling comes 
from the isolation of homologues to animal ribosomal protein S6 kinases from 
A. thaliam (Mizoguchi et al. 1995). Two types of ribosomal S6 kinases, pp*“and p70‘*, 
have been reported in animals. Both are activated by phosphorylation (pp90"'‘ is phos- 
phorylated by MAP kinase; the upstream kinases of p70“^ are yet unidentified; Ballou et 
al. 1991; Downward 1994). The phosphorylation of S6 ribosomal protein is involved in 
regulation of ribosomal activity and the progression of the cell cycle (Jefferies et al. 1994). 

A new, probably extracellular protein playing a role in cold acclimation 
has been isolated from barley. The gene, bit 101, is thought to encode a 
function that is required and maintained under low temperature condi- 
tions. No homologues could be identified in databases. The extracellular 
localization is hypothesized because of a protein consensus signal se- 
quence shared with two other barley cold- induced genes, blt4 and bit 14. 
However, bit 101 is a single (low) copy gene, in contrast to the other two, 
and specifically induced by low temperatures in leaves, roots, and shoots 
(not induced by ABA as blt4, or drought like bit 14). Hybridization ex- 
periments indicate that other cereals possess similar genes. 

Detailed analysis of the cis active elements in transcriptional control 
of a cold-regulated (cor) gene has been provided by Baker et al. (1994) 
for the Arabidopsis corlSa gene. The gene encodes a chloroplast-targeted 
protein of unknown function. It is cold-induced (except in roots) 
through its regulatory promoter region (-305 to +78), but also induced 
by ABA and drought. 



Potential ABREs were detected. Under normal conditions, corlSa is specifically active in 
anthers, mediated by a regulatory region further upstream. The different cis-active regu- 
latory elements may act independently from each other but are closely linked or all me- 
diate the same response to drought, ABA, and cold (Baker et al. 1994). 



e) High Salinity/Osmotic Stress 

During high salt conditions the cellular constituents and compartments 
will suffer from effects, similar to those during dehydration. Dehydra- 
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tion also will lead to the concentration of solutes in the cell (vacuole) 
and cause osmotic stress. The defense mechanisms of plants in both 
stresses therefore rely on related mechanisms and many genes regulated 
in drought are also regulated under conditions of high salinity. This 
regulation can be mediated by ABA. 

Therefore salinity stress in plants is complex to study. A model sys- 
tem is the facultative halophyte Mesembryanthemum crystallinum that 
switches in response to salinity (or drought stress) from Cj photosyn- 
thesis to CAM (Crassulacean acid) metabolism. During this shift, many 
genes encoding glycolytic, gluconeogenic, and malate metabolism en- 
zymes are induced. Especially the ppcl and gapl genes encoding CAM 
specific isozymes of PEP (phosphoenol-pyruvate)-carboxylase and 
NAD-dependent GAP (glyceraldehyde-3-phophate)-dehydrogenase are 
activated through salinity stress. Ppcl, however, is induced also by sev- 
eral other stress types. 

C/s-active sequences have been identified in their 5'-flanking regulatory regions. Several 
enhancer elements and a silencer responsive to salinity are present in ppcl, while a single 
regulatory region has been identified in the gapl promoter. Alignment of both regulatory 
regions indicates conserved motifs resembling binding sites for an Myb transcription 
factor. Gel shift assays support the hypothesis of interactions between the elements and 
nuclear extracts from salt-stressed plants (Schaeffer et al. 1995). The Arabidopsis binding 
factor Atmyb2 is expressed during salinity and dehydration stress (Urao et al. 1993). 

A set of early salt-induced (esi) genes has been isolated from the salt- 
tolerant Lophopyrum elongatum, a close relative of breed wheat. These 
genes are ABA- inducible and their transcripts accumulate within 6 to 
12 h of salt exposure. The distribution has been studied in Triticae and 
they were found to be ubiquitously present. However, in L elongatum, 
the induction is much stronger than in wheat. This fact is not due to a 
higher copy number (copy numbers were similar with the exception of 
esi2). The higher transcription rate in the salt-tolerant species may be 
caused by specific evolution of the regulatory regions of "ancient" genes 
during development of halophytism than through the development of 
"completely new" genes (Dubcovsky et al. 1994). 

In Citrus sinensis a salinity-stress-related gene (C/t-SAP) was found to 
possess homology to gluthathione peroxidase. This finding indicates the 
salinity stress may cause increased levels of free radicals in the cell 
(Holland et al. 1993). Another gene from C. sinensis highly induced by 
salinity has homology again to a Lea protein of cotton (Naot et al. 1995). 
In Arabidopsis, a salinity-responsive gene with structural similarity to 
serine/threonine kinases has been identified (Arskl). Its expression is 
specific to roots and induced also by ABA treatment or exposition of the 
roots to air. Within roots, the arskl gene shows tissue specificity and a 
gradual increase in expression level along the root, being highest around 
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the root meristem. It has been discussed that ARSKl may be involved in 
the signal transduction of osmotic stress (Hwang and Goodman 1995). 

A large-scale sequencing of cDNA clones from saline (or nitrogen-starved) libraries was 
performed in rice; 472 cDNA clones from saline conditions were sequenced and 15% 
showed homologies to genes in data bases. Several putative genes associated with signal 
transduction and stress-related genes were identified in addition to genes related to 
amino acid metabolism and translation (for details see Umeda et al. 1994). 



f) UV Light 

The ozone hole leads to increased UV radiation (predominantly UV-B of 
280 to 320 nm wave length) reaching the earth's surface. As with other 
biomolecules hit by this wavelength, this is close to the absorption 
maximum of nucleic acids (260 nm) and hence very harmful to the or- 
ganisms. Pyrimidine dimerization leading to an increased mutation rate 
is one consequence (Gunther 1991). A surplus of UV light has several 
effects on higher plants such as a reduction in photosynthesis, altered 
development, and growth, making protection mechanisms necessary. 

Plants exposed to supplementary UV light suffer from a rapid inhibi- 
tion of photosynthesis as the expression of the chloroplast genes pbsA 
and rbcL as well as the nuclear genes cab and rbcS is repressed. Changes 
in plant habitus are observed which also indicate that the gene expres- 
sion pattern is disturbed upon UV radiation. The response depends on 
the developmental state of the plant (Jordan et al. 1994). 

In pea {Pisum sativum)^ a differential decline of the cab mRNA transcript is observed as a 
rapid response to UV-B in young buds and older leaves. The chlorophyll composition 
changes and declines, protein composition is altered, and peptide synthesis in general 
inhibited. Transcript levels for two chalcone synthase genes are substantially increased 
and flavonoid biosynthesis strongly enhanced. 

Hahlbrock et al. (1995) provided evidence for an important role of the 
key enzymes of flavonoid synthesis (PAL, C4H, and 4CL) in the response 
of parsley {Petroselimun crispum) to UV light. The role of flavonoids is 
best understood in UV response. They absorb light in the UV region and 
have a protective role against UV-induced DNA damage. 

This was shown, e.g., by in vitro transcription assays of a linear plasmid as model system 
(Kootstra 1994). The flavonoids naringenin and rutin protected the DNA template from 
UV damage. Extracts of green and red apple skins had similar effects. The anthocyanins 
increased protection by the flavonoids. 

In intact plants, other factors such as efficient DNA repair influence 
sensitivity to UV damage. 
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In different rice cultivars it became evident that UV-B (with a little 
UV-C) affected both plant development and growth as well as the photo- 
synthetic rate and chlorophyll composition. A genetic study on Japanese 
lowland rice cultivars supports the hypothesis that tolerance to inhibi- 
tory effects of UV radiation may be controlled by polygenes (Sato et al. 
1994). 



g) Oxidative Stress 

The accumulation of singlet oxygen, superoxide radicals, and hydroxy 
radicals is toxic, as they will cause damage to DNA, proteins, and lipids. 
Plants possess protective mechanisms like low molecular weight anti- 
oxidants (ascorbate, glutathion, and alpha-tocopherol) and enzymatic 
systems such as superoxide dismutases (SODs), peroxidases, and cata- 
lases. The enzyme superoxide dismutase (SOD) mediates dismutation 
OH' hydroxyl ions. SODs contain metal ions and are classified accord- 
ingly into Mn (manganese)-, FE (iron)-, or Cu/Zn (copper/zink) -SODs. 

A cDNA clone encoding MnSOD has been isolated from Nicotiana plumbaginifolia. The 
gene is nuclear but the product targeted to mitochondria by an N-terminal-leader se- 
quence. An engineered SOD has been transferred to mitochondria and chloroplasts of 
Nicotiana tabacum. The protein targeting functioned properly. However, increased pro- 
tection to Oj-stress was found to be dependent on leaf age and better achieved with old 
leaves. The reason was not a differential accumulation of the transcript but rather the 
developmental state of the leaf. It seems necessary also to overexpress scavenging 
enzymes (catalase or peroxidase) which can act in concert with SOD and remove 
resulting from 0^- to obtain improved tolerance to oxidative stress (Slooten et al. 1991). 

Another important component is ascorbate, which serves as antioxidant 
in detoxification reactions. Hence, it is necessary to keep ascorbate in its 
reduced state. This is achieved by monodehydroascorbate radical reduc- 
tase and dehydroascorbate reductase. Dehydroascorbate reductase uses 
GSH (glutathion) which will undergo oxidation to GSSG. The regenera- 
tion of GSH is performed by GR (glutathione reductase). 

Transgenic plants overexpressing GR, CuZnSOD, MnSOD have been produced but in- 
creased stress tolerance was not always obtained (see above; for compilation of experi- 
ments see Rennenberg and Polle 1994). A balanced increase of the other components of 
the antioxidative system may be required to achieve this goal (Rennenberg and Polle 
1994). 



4. Conclusions and Strategies to Improve Stress Tolerance 

1. The analyses reviewed here may be representative, but certainly not 
complete. There are many more types of stresses now being studied 
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in plants. Neither specific nutrient deficiencies have been mentioned 
here, nor defense reactions to pathogens nor wounding. They may 
relate in many aspects to the responses discussed. 

2. From the abiotic stress responses described, it is obvious that a strict 
"typing" is not meaningful, as many genes induced by one stress fac- 
tor also respond to a second one using the same or different control- 
ling elements. The reason for the given classification may be the hu- 
man sensing and discrimination of stresses such as cold or drought, 
etc., which on the level of the plant cell's metabolism may have the 
same or very similar effects and hence provoke the same response. 
Nevertheless, very specific responses exist and regulatory elements 
can sometimes be dissected into the individual regions responsible 
for reactions to different stresses. 

3. The complexity of the system and its interrelationships with devel- 
opmental control do not easily permit applications in simple gene 
transfer experiments to engineer more stress-tolerant plants. In con- 
sequence, only modest success has been achieved in this field (e.g., 
with HsplOl). The example of transgenic plants carrying SOD 
(Rennenberg and Polle 1994; Slooten et al. 1991) represents the 
problems encountered. However, the more data accumulate, the 
more the overall picture will be clarified, and the chances for bio- 
technological applications improve. Alternatives are given by con- 
ventional breeding approaches. A study has been conducted on ge- 
netic variation in salinity tolerance in spring wheat, for example, and 
indicates high levels of heritability for several variables that deter- 
mine this character. Selection applying high selective pressure thus 
may be a way to improve salinity tolerance by breeding in spring 
wheat (Ashraf 1994). This principle may be extended to many other 
cases. 

4. Current understanding indicates that many genes involved in stress 
response are transcriptionally regulated by corresponding cis-active 
elements probably interacting with transcription factors. Different 
signal transduction pathways are thought to act on one target gene in 
some cases. Stress genes often represent genes active under develop- 
mental control during normal conditions. The stress response hence 
seems to have evolved by modification of the genetic regulation 
rather than by the creation of new genes. 

Even if the overall picture is too complex for near-future wide-range 
production of improved plants, the results already show many details 
useful for bioengineering and the resolution of the complexity of stress 
responses, including their signaling pathways, will continue to be an 
exciting task. 
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V. Extranuclear Inheritance: 

Genetics and Biogenesis of Mitochondria 

By M. Bauerfeind, K. Esser, T. Lisowsky, E. Pratje, G. Stein, T, Stein, 
and G. Michaelis 



I. Introduction 

In our previous review in Progress in Botany 54 (Riemen et al, 1993), 
complete sequences of the mitochondrial genomes from the chlorophyte 
Chlamydomonas reinhardtii and the liverwort Marchantia polymorpha 
were discussed. In the meantime, the complete sequences of the mito- 
chondrial genomes from the colorless chlorophyte Prototheca wicker- 
hamii and the red alga Chondrus crispus have been published, and will 
be discussed in this chapter. 

Sequence determinations of the large and complex higher plant mito- 
chondrial genomes are in progress but not yet finished. Higher plant 
mitochondria display the phenomenon of RNA editing that will be re- 
viewed in this chapter. In the yeast Saccharomyces cerevisiae the se- 
quence of the mitochondrial genome has been known for many years, 
and the research with this model organism focuses on nuclear genes 
required for the biogenesis of functional mitochondria, nuclear- 
mitochondrial interactions, the expression of mitochondrial genes, and 
the import of proteins and RNA into mitochondria. The yeast nuclear 
genome has been completely sequenced now and the sequence will soon 
become available in the databases. Many nuclear genes for mitochon- 
drial functions will be uncovered by the current gene function search 
programs. In most cases, the disruption of a nuclear gene for mitochon- 
drial function will result in a respiratory-deficient phenotype. 

For general information the reader is referred to four books on mito- 
chondria: methods and mitochondrial biogenesis (Attardi and Chomyn 
1995), plant mitochondria (Brennicke and Kiick 1993; Levings and Vasil 
1995), and hybrid breeding and cytoplasmic male sterility (Kuck and 
Wricke 1995). Aspects of molecular biology of mitochondria not dis- 
cussed in this chapter are covered by the following reviews on inheri- 
tance of mtDNA (Hagemann 1995), male sterility in higher plants (Vedel 
et al. 1994), nuclear-mitochondrial interactions (Grivell 1995), and 
regulation of translation (Gillham et al. 1994). 
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The mitochondrial (mt) genomes of higher plants have recently been 
reviewed by Schuster and Brennicke (1994). Master circles containing 
the complete mitochondrial genome and various subgenomic circles are 
predicted from physical and genetic mapping. The existence of hetero- 
geneous DNA molecules was confirmed by electron microscopy and 
pidse field gel electrophoresis, but the existence of large quantities of 
master circles was questioned (Andr^ and Walbot 1995; Backert et al. 
1995; Bendich 1996). The majority of DNA behaves like complex 
branched structures and linear molecules ranging from 50 to 100 kb. 
Circular mtDNA molecules are detected with low frequency. Detailed 
gene maps have been constructed from the mt master circles of five dif- 
ferent Zea mays cytoplasms (Fouron et al. 1995), two sugar beet cyto- 
plasms (Brears and Londsdale 1988; Kubo et al. 1995), and the Arabi- 
dopsis thaliana mt genome (Klein et al. 1994). The entire A. thaliana mt 
genome of 372 kb is represented by three types of circles and split into 
two additional subgenomic circular molecules of 234 and 138 kb. Mole- 
cules of more than 300 kb exist in vivo, as shown by the analysis of YAC 
clones. Due to the heterogeneity of the mt genomes of higher plants and 
their high complexity ranging from 200 to 2400 kb, none of them has 
been completely sequenced up to now. 

The mt genomes of algae characterized so far vary between 16 and 
60 kb. To date, three algal mtDNAs have been completely sequenced: 
those of the unicellular green alga Chlamydomonas reinhardtii (re- 
viewed in Progress in Botany 54), the colorless chlorophyte Prototheca 
wickerhamii (Wolff et al. 1994), and the rhodophyte Chondrus crispus 
(Leblanc et al. 1995). Parts of the mtDNA of other algae, like the green 
alga Platymonas subcordiformis (Kessler and Zetsche 1995) and the 
brown alga Pylaiella littoralis (Fontaine et al. 1995), have also been pub- 
lished. In this chapter we will concentrate on the mt genomes of Prototh- 
eca and Chondrus. 

The mitochondrial genomes of P. wickerhamii and C. crispus are cir- 
cular molecules of 55.3 and 25.8 kb, respectively. The overall A+T con- 
tent of 74.2 and 72.1% is considerably higher than in higher plant 
mtDNAs (52%). Genes are arranged in two major opposite transcription 
units, comprising approximately one half of the mt genome in each di- 
rection (Fig. 1). One exception is the trnH gene in C. crispus, which is 
transcribed in the opposite direction to that of the surrounding genes. 
Two transcription units were also found in the linear mt genome of 
C. reinhardtii (Vahrenholz et al. 1993), whereas the mt genes are shuffled 
in the circular 43-kb mtDNA of the green alga P. subcordiformis (Kessler 
and Zetsche 1995). Intergenic regions account for 29 and 4.8% of the mt 
genomes of P. wickerhamii and C. crispus, respectively. P. wickerhamii 
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contains two longer intergenic regions of 1.1 and 2 kb which are pre- 
sumably sites for transcription initiation and termination. The majority 
of intergenic regions vary from 100 to 150 bp. The mt genome of C. cris- 
pus is very compact and several genes even overlap. 

The genetic maps are presented in Fig. 1 and the genes are summa- 
rized in Table 1. Most of the mitochondrial genes of algae are known 
from the mtDNA of higher plants and the liverwort Marchantia poly- 
morpha. Chloroplast DNA insertions were not found in the algal mt 
genomes and thus appear to be restricted to the mtDNA of angiosperms. 
The mt genomes of the higher plants, M. polymorpha and P. wicker- 
hamii, encode the a subunit of the Fl-ATPase. This atpl gene and genes 
with similarity to nad7 and nad9 are not present on the mtDNA of the 
red alga. An unexpected finding was the identification of the sdhB and 
sdhC genes on the mtDNA of the red algae Chondrus crispus and Cyanid- 
ium caldarium (Leblanc et al. 1995; Viehmann et al. 1996). These two 
genes encode subunits of the succinate dehydrogenase complex. A sdhB 
gene is not known from any other mt genome, and a sdhC gene is known 
only from M. polymorpha mtDNA. The mt genomes from angiosperms 
and liverwort contain at least four genes essential for cytochrome c bio- 
genesis (Bonnard and Grienenberger 1995; Gruska et al. 1995; Jekabsons 
and Schuster 1995). Respective homologous genes are not found on the 
mtDNA of the two algae discussed here. 

The 26 tRNA genes (trn) of P. wkkerhamii mtDNA may be sufficient 
to read all codons, but the 23 trn genes of C. crispus mtDNA are not suf- 
ficient. A trnS gene for AGY and a trnT gene for ACN have not been 
found in C. crispus mtDNA. Two trn genes, trnT and trni, are also miss- 
ing in the mt genome of M. polymorpha, and some mitochondrial tRNAs 
are nuclear encoded and imported into mitochondria of potato and 
wheat (reviewed in Progress in Botany 54). Therefore a tRNA import 
into the mitochondria of C. crispus is most likely. 

In C. crispus only one group II intron without intronic orf was de- 
tected in the frnl gene (Fig. 1). In P. wkkerhamii the coxl and the large 
rRNA (Irn) genes are split by three and two group I introns, respectively. 
Group I introns have been found in fungal and liverwort mt genomes 
but mtDNAs of higher plants contain only group II introns. Two of the 
P. wkkerhamii coxl introns contain open reading frames with similarity 
to RNA maturases / DNA endonucleases of yeast. 



Fig. la,b. Gene organization of the mtDNAs of the colorless chlorophyte Prototheca wick- 
erhamii (a) and the red alga Chondrus crispus (b) (Wolff et al. 1994; Leblanc et al. 1995). 
Genes are shown as black boxes and introns are denoted by stars. For gene names see 
Table 1. The one-letter amino acid code inside the circle is used to designate tRNA genes. 
Arrows indicate the direction of transcription. Two major stem loops (st) and overlap- 
ping regions ( ) are indicated in the map of C. crispus 
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Table 1. Gene content of Prototheca wickerhamii and Chondrus crispus mtDNA 



Genes 


P. wickerhamii 


C. crispus 


rRNA genes 


3: srn (small subunit RNA) 
Irn (large subunit RNA) 
rna5 (5S RNA) 


3: 


srn (small subunit 
RNA) 

Irn (large subunit RNA) 
rnaS (5S RNA) 


tRNA genes 


26: trn 


23: 


trn 


Genes for ribosomal pro- 


13: 10 rps (small subunit 


4: 


3 rps (small subunit 


teins 


proteins) 

3 rpl (large subunit 
proteins) 




proteins) 

1 rpl (large subunit 
protein) 


Genes for respiratory chain 


9: nadl, nad2, nad3, nad4, 


7: 


nadl, nad2, nad3, nad4, 


complex 1 


nad4L, nadS, nad6, 
nad7, nad9 




nad4L, nadS, nad6 


Genes for respiratory chain 
complex 2 


- 


2: 


sdhB, sdhC 


Genes for respiratory chain 
complex 3 


1: cob 


1: 


cob 


Genes for respiratory chain 
complex 4 


3: coxl, cox2, cox3 


3: 


coxl, cox2, cox3 


Genes for ATP synthase 
complex 


3: atpl, atp6, atp9 


2: 


atp6, atp9 


Genes in both algae with 


3: orfl83 


3: 


orfl83 


unknown function 


orf234.1 

orf234.2 




or£262 

orfl37 


Gene identified in C. crispus 
(and M. polymorpha) 




1: 


orf84 


Genes unique to one of 
these algae 


2: orfl74, orf304 


2: 


orf94, orfl72 


Intronic orfs similar to RNA 
maturases/DNA endonucle- 
ases 


2: orfs in first and third 
coxl intron 







The numbers of the orfs refer to number of codons. 



Prototheca wickerhamii and the brown alga Pylaiella littoralis seem to 
use the universal genetic code (Wolff et al. 1994; Fontaine et al. 1995), 
whereas C. crispus uses a modified code, in which the UGA nonsense 
codon encodes tryptophan (Boyen et al. 1994). A modification of the 
mitochondrial genetic code is a characteristic feature of most organism 
with the exception of higher plants. The absence of RNA editing in 
C. crispus and P. wickerhamii, as in liverwort, contrasts to the situation 
found in higher plant mitochondria (see Sect. 4). 
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A monophyletic origin of mitochondria is supported by the analysis 
of the algal mt genomes. 



3. Mitochondrial Transcription 

a) Components for Mitochondrial Transcription: 
a Universal Picture from Yeast to Plants 

For a long time the attempt was made to biochemically isolate the core 
enzyme of mitochondrial RNA polymerase and regulatory factors for the 
key process of mitochondrial transcription and to identify the respective 
genes (Shadel and Clayton 1993). Up to now, only the combined genetic 
and biochemical approach in yeast has led to the identification of the 
genes for the core enzyme of mitochondrial RNA polymerase (Masters et 
al. 1987), the specificity factor (Schinkel et al. 1987; Lisowsky and 
Michaelis 1988, 1989; Jang and Jaehning 1991), and an additional tran- 
scription-stimulation factor (Fisher et al. 1989; Paris! et al. 1993). From 
the evolutionary point of view, it is remarkable that the core enzyme 
belongs to the bacteriophage T7/SP6-type and that the specificity factor 
seems to be related to sigma factors, whereas the transcription- 



yeast-1151- RRQKAGLPPNFIHSLDASHMLLSAAECGKQGLDFASVHDSYWTHASDIDTMNWLREQF - 1 2 09 
RQKAA PPNF HSLD SHM A+AC K GL FA VHDS+W HA D-i-D MN +LREQF 
rice QRQKAAFPPNFV- HSLDSSHMMMTAIACKKAGLHFAGVHDSFWVHACDVDKMNQILREQF- 

EST-No. 37865 D24565 - cDNA from rice root Oryza sativa 

Homology: RP041 from YEAST: DNA- DIRECTED MITOCHONDRIAL RNA- POLYMERASE 
Identities = 42/79 (53%) , similarities = 59/79 (74%) 



yeast - 9 00 - KSLTGDRWWTTADKPWQALATCFELNEVMKMDNPEEFISHQPVHQDGTCNGLQHYAALGG- 959 
K LTG +WW A+ PWQ LA C E+ + P ++SH VHQDG+CNGL HYAALG 
human KPLTGXKWWMGAEEPWQTLACCMEVAKXVRASDPAAYVSHLXVHQDGSCNGLEHYAALGR 

EST-No. 263442 H03562 - cDNA - Soares placenta Homo sapiens 

Homology: RP041 from YEAST: DNA- DIRECTED MITOCHONDRIAL RNA- POLYMERASE 
Identities = 33/61 (54%), similarities = 45/61 (73%) 



Fig. 2. Homology search for yeast DNA-directed mitochondrial RNA-polymerase core 
enzyme (RP041) against the expressed sequence tag library (Newman et al. 1994) identi- 
fies highly homologous proteins. Sequence alignments of the mitochondrial RNA po- 
lymerase from Saccharomyces cerevisiae with protein sequences from cDNA clones from 
Oryza sativa and Homo sapiens are shown. Identical amino acids are listed between the 
two sequences. The positions of functionally conserved amino acids are marked (+). 
Identification numbers to retrieve the sequences from EST libraries (Boguski et al. 1993) 
are listed 
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Stimulation factor is a eukaryotic HMG (high mobility group) protein 
(for review see Riemen et al. 1993). Since comparable genes from other 
organisms were not available, it was impossible to say whether the yeast 
mitochondrial transcription apparatus is unique or could serve as a gen- 
eral model for mitochondrial gene expression (Jaehning 1993). The 
analysis and comparison of mitochondrial promoter structures gave first 
clues that yeast might be a universal model system for this aspect (Schin- 
kel and Tabak 1989). The major breakthrough in this field of research 
was recently achieved by the large-scale sequencing of cDNA clones 
from different model organisms (EST program - expressed sequence 
tags; for review see Boguski et al. 1993 and Newman et al. 1994). In this 
way, cDNA clones for the core enzyme of mitochondrial RNA poly- 
merases have been identified from human (EST-No. 263442) to plant 
(EST-No. 37865). In spite of the fact that the complete sequences of the 
genes still have to be determined, it is already clear now that the newly 
identified core enzymes are all highly homologous to the yeast T7/SP6 
bacteriophage-type RNA polymerase (see Fig. 2). 

The universal model for the basic mitochondrial transcription appa- 
ratus which can be constructed from these data is shown in Fig. 3. Addi- 
tional support for this finding gives the recently completed sequence for 
the gene encoding the core enzyme of mitochondrial RNA polymerase 
from Neurospora crassa, which again exhibits high homologies to the 
yeast RP041 protein (Chen et al. 1994) over the entire length of the 
polypeptide. 



9 

« 




Fig. 3. Universal model for the mitochondrial transcription apparatus. The core enzyme 
is of the bacteriophage SP6/T7 type and needs a specificity factor for correct initiation of 
transcription at the central promoter element {black box). A eukaryotic HMG (high 
mobility group) -like protein is involved in transcription stimulation and unwinding of 
double-stranded DNA (Shadel and Clayton 1993, 1995). All these factors are coded by 
nuclear genes and imported into mitochondria after translation in the cytosol. An open 
question (?) is the presence of additional transcription factors (Brohl et al. 1994; Tracy 
and Stern 1995) which may be necessary for regulated expression of specific mitochon- 
drial genes, and which may define species specificity of mitochondrial transcription 
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b) Problem of Promoter Consensus Sequences and Species Specificity 

A growing number of plant mitochondrial genomes will soon be defined 
by complete DNA sequence analysis (for details see Sect, 2). The investi- 
gation of the 5’ regions of the genes by computer comparison identified 
possible promoter elements for transcription initiation by mitochondrial 
RNA polymerase (Tracy and Stern 1995). The detailed in vivo and in 
vitro analysis of specific genes from the mitochondrial genomes of 
higher plants (for review see Gray et al, 1992) concentrated on functional 
aspects of these promoter elements. One characteristic finding of all 
these analyses is a high variability in the possible promoter consensus 
sequences even among closely related species, making it very difficult to 
define a common sequence motif for mitochondrial promoters (Fig. 4). 
One reason for this result may be the relatively high mitochondrial mu- 
tation rate (Lonsdale and Grienenberger 1992), which results in quick 
changes of the DNA sequence. It seems that the mitochondrial tran- 
scription apparatus adapted to this problem by developing protein fac- 
tors which have a high flexibiliy for DNA binding, and which recognize 

organism promoter organization consensus sequence 



Higher Plants 



1 

20 bp 



- 12-10 , — >. 

n\mi I CRTA 

-7 4 +1 +5 



Yeast 



-8 +1 +.1 



ATATAAGTA 



Human 



-12 



-39 



-\W 



-13 -4 -2 

□ ■-Hl 



CAA/ TACCCCAAAGAYA 
(G) (A) 



151bp 

Fig. 4. Consensus sequences for different promoters. The essential core elements of the 
promoters which contain the consensus sequences are drawn in black. Start sites of tran- 
scription are labeled with arrows and the nucleotides at which RNA synthesis begins is 
set to +i. Additional elements found to be important for transcription initiation are 
marked by open boxes. In yeast one finds the so-called nonanucleotide, which is strictly 
conserved in the 5’region of genes (Osinga 1982). In contrast to this finding, it is very 
difficult to define a longer consensus sequence for the promoters of plant and human 
mitochondrial genes. (After Tracy and Stern 1995) 
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common structural elements of DNA sequences in spite of a special nu- 
cleotide sequence (Fisher et al. 1989). The yeast mitochondrial RNA po- 
lymerase is responsible for the expression of messenger RNAs, transfer 
RNAs, and ribosomal RNAs, and even has a role in initiation of mito- 
chondrial DNA replication (Schinkel and Tabak 1989). Up to now there 
is no experimental evidence that the same must be true for the homolo- 
gous mitochondrial RNA polymerase in plants, so that at this point it 
cannot be completely ruled out that other RNA polymerases are present 
inside mitochondria of plants. With the identification of the nuclear 
genes for plant mitochondrial RNA polymerase, these problems can now 
be addressed for the first time experimentally by in vivo and in vitro 
systems, and it will be interesting to learn more details about the basic 
components of plant mitochondrial transcription. 



c) Other Mechanisms for Regulation 
of Plant Mitochondrial Gene Expression 

The more complex organization of plant mitochondrial genomes and 
genes offers additional possibilities for the regulation of gene expres- 
sion. The presence of introns, the modification of the nucleotide se- 
quence by RNA editing (for details see Sect. 4), the problem of RNA 
stability, and the regulation of translation by factors binding to the 
5’ region of messenger RNA molecules are examples for such possible 
regulatory mechanisms which may influence mitochondrial gene ex- 
pression (Gray et al. 1992). A special example for maize is the recently 
described mechanism for specific overexpression of mitochondrial genes 
by selective amplification of the DNA sequences (Muise and Hauswirth 
1995). In this case, it was shown that the higher copy number of the re- 
spective mitochondrial genes correlates with elevated transcription rates 
of these genes. The investigation of these different regulatory pathways 
in mitochondria of higher plants is just beginning (for review see Bren- 
nicke and Kiick 1993), but it seems that, as in yeast, the most important 
regulations take place on the posttranscriptional level (Grivell 1995) and 
that especially the regulation of translation by binding of different fac- 
tors to the 5’region of the messenger RNA is a major regulatory mecha- 
nism for gene expression (Elzinga et al. 1993; Grivell 1995). 

Major objects of current research on plant mitochondrial gene expres- 
sion are the following points: 

- Specific structure of the core enzyme of mitochondrial RNA po- 
lymerase in plants. 

- Identification of specificity factors and their way of interaction with 
the core enyzme of mitochondrial RNA polymerase. 
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- Tissue-specific and developmentally regulated expression of mito- 
chondrial genes and identification of additional specificity factors 
which could mediate regulatory signals. 

- Detailed analysis of promotor structures and consensus sequences 
for different species. 

- Exploiting the data from nuclear genome sequencing and EST pro- 
grams to identify nuclear genes for mitochondrial gene expression. 

- Control of mitochondrial translation by proteins with dual functions 
as the recent example of a protein with enzymatic activity in the 
Krebs cycle and specific binding activity to the 5’ leader of messenger 
RNAs, thereby repressing translation (Elzinga et al. 1993). 



4. RNA Editing in Mitochondria 
a) General Aspects 

Certain mRNA sequences can be altered posttranscriptionally by a proc- 
ess known as RNA editing so that their final nucleotide sequence differs 
from that encoded by the DNA sequence. The editing process has been 
discovered in the kinetoplast genetic system of trypanosomes (Benne et 
al. 1986), in the nuclear-encoded mRNA of human apolipoprotein B 
(Powell et al. 1987), and in a number of genes encoded by plant mito- 
chondrial DNA (Covello and Gray 1989; Gualberto et al. 1989; Hiesel et 
al. 1989). It has been shown that RNA editing occurs also in animal mi- 
tochondria. In marsupial mitochondria the anticodon of the aspartic 
acid tRNA is changed (Janke and Paabo 1993). Recently, transfer RNA 
editing has been found in land snail mitochondria, in which some mito- 
chondrial tRNA genes show mismatches in their acceptor stems (Yoko- 
bori and Paabo 1995). 

Little is known about the occurrence of RNA editing in mitochondria 
of lower plants. The editing process does not occur in the few algae in- 
vestigated (see Sect. 2) and in the liverwort Marchantia polymorpha. 

Extensive RNA editing has been reported in the plastids (for review 
see Kossel et al. 1993) and mitochondria (for review see Wissinger et al. 
1992; Gray and Covello 1993) of higher plants. It seems to be a common 
feature of gymnosperms (Glaubitz and Carlson 1992) and angiosperms. 
Mitochondrial DNA of monocots may require less editing than mtDNA 
of dicots (Covello and Gray 1990). 

RNA editing in plastids results exclusively in the conversion of cyto- 
sine to uridine, in most instances within the coding regions. In plant 
mitochondria, mainly a cytidine to uridine editing, but in some cases 
also the reserve substitution from uridine to cytidine, is found. All mito- 
chondrial protein coding genes except the chimeric gene T-urfl3 of 
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maize are edited. Until now the RNA editing process in mitochondria of 
higher plants has been characterized by the following general features: 

- RNA editing is a posttranscriptional process. 

- RNA editing is seen as a correction mechanism that most frequently 
alters coding sequences. Changes of amino acid sequences are ob- 
served as a result of base substitutions. In many cases these changes 
lead to conservation of amino acids and protein sequences at func- 
tionally important positions (Kudla et al. 1992). 

- Most of the editing events affect the first position or the second posi- 
tion of the codon; 7% of editing sites are adjacent leading to the con- 
version of a proline codon (CCN) into leucine (TTR) or phenyla- 
lanine (TTY) codons. A minority of editing sites (14%) have been 
found at wobble positions of codons and have therefore no influence 
on the encoded amino acids. These are neutral base substitutions of 
third codon positions. 

- RNA editing creates start codons, stop codons, and alters the 5’ and 3’ 
noncoding regions as well as intron sequences. 

- The distribution of editing sites along the RNA shows no evident 
polarity, in contrast to the 3’ to 5’ polarity found in the trypanosome 
kinetoplast (Simpson and Shaw 1989). 

- Editing of structural RNAs seems to be a rare event. It has been es- 
tablished in the case of the 26S rRNA of Oenothera (Schuster et al. 
1991) and the tRNA’’*'' (GAA) of both bean and potato mitochondria 
(Marechal-Drouard et al. 1993). Editing can correct a mispairing in 
tRNA by a cytidine to uridine change, but it does not systematically 
correct mispairing in plant mitochondrial tRNAs. 

The orf206 transcript of Oenothera mitochondria is the most highly ed- 
ited mRNA observed to date in plant mitochondria. The cytidine to 
uridine substitutions in 46 positions result in 31 amino acid changes 
(15%) of the total of 206 encoded residues and create a more hydropho- 
bic protein. About 30% of all cytidines are edited in this reading frame, 
including nine silent edits without influence on the amino acid sequence 
(Schuster and Brennicke 1994). 

A three-step model for the evolution of RNA editing is proposed 
(Covello and Gray 1993). Step 1 is characterized by the appearance of 
RNA editing activity. If RNA editing occurs by deamination of cytidine 
to form uridine, a preexisting cytidine deaminase which normally acts 
on free nucleotides could be altered so that it acts now on RNA. This 
editing activitiy could be fixed by genetic drift. Step 2 is characterized by 
mutations at editable nucleotide positions. The last step is characterized 
by the maintenance of RNA editing activity by natural selection. The 
higher the number of functionally important editable positions, the 
lower the probability that in the evolution process these positions would 
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Table 2. Occurrence and properties of RNA editing 



Type of editing 


Organism 


Genome 


Transcripts 


Modification 


Posttranscriptional 


Insertion/deletion 


Kinetoplastid 

protozoa 


Mitochondrial 

DNA 


mRNAs 


U inser- 
tion/deletion 




Physarum poly- 
cephalum 


Mitochondrial 

DNA 


mRNAs 


C insertion 


Conversion 


Higher plants 


Mitochondrial 

DNA 

Chloroplast 

DNA 


mRNAs, 
rRNAs, tRNAs 
mRNAs 


c-^u, u-^c 

conversions 
C-^U conver- 
sion 




Mammals 


Nuclear DNA 

Mitochondrial 

DNA 


mRNAs, tRNAs 
tRNAs 


Various con- 
versions 
C->U conver- 
sion 




Land snail 


Mitochondrial 

DNA 


tRNA 


C->A, T->A, 
G-^A conver- 
sions 




Acanthamoeba 
castellanii 
Hepatitis virus 5 
RNA 


Mitochondrial 

DNA 

Virus 


tRNAs 


Various con- 
versions 
U->C conver- 
sion 


Cotranscriptional 




Paramyxoviruses 


Virus 


P protein 
mRNA 


G insertion 



For references see Covello and Gray (1993) and Yokobori and P33bo (1995). 



all revert to thymidine at the DNA level, so that editing would not be 
required. 



b) Partial Editing 

Fully edited transcripts are found for genes like Petunia atp9, potato 
rpslO, and Oenothera orf206 (for review see Hanson 1996). Sequencing 
of cDNAs of these three genes has shown that the edited nucleotide is 
present at every potential editing site. However, a second category of 
genes exists in which transcripts are not fully edited at all editing sites. 
Examples of such genes with a high proportion of unedited transcripts 
are the nad3, rpsl2, and atp6 genes of several plant species. 

Incompletely edited transcripts are prevalent in the unprocessed and 
unspliced transcript population, whereas mature transcripts were found 
to be almost completely edited. Most plant mitochondrial introns belong 
to the class II and their splicing requires cis- as well as frans-splicing 
reactions. Ten editing events have been identified either in cis- or trans- 
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splicing introns of Petunia (Conklin et al. 1991) and Oenothera (Binder 
et al. 1992). It appears that editing modifies the secondary structure of 
some well-conserved domains of group II introns and may be crucial for 
efficient splicing (Borner et al. 1995; Zanlungo et al. 1995). These results 
strongly indicate that RNA editing is correlated with maturation of RNA. 

It has been shown that in Solanum tuberosum the translation of nad9 
mRNAs in mitochondria is restricted to completely edited transcripts 
even in the presence of a significant portion of only partially edited nad9 
transcripts (Grohmann et al. 1994). In Petunia mitochondria only one 
form of atp6 protein accumulates despite the presence of abundant par- 
tially edited transcripts. Partially edited atp6 transcripts are accociated 
with ribosomes, suggesting that there is a screening mechanism that acts 
CO- or posttranslationally to exclude the expression of incompletely ed- 
ited transcripts (Lu and Hanson 1994). In contrast, unedited or partially 
edited transcripts, as well as fully edited mRNAs from rpsl2, are trans- 
lated, but only the translation product from edited transcripts accumu- 
lates in mitochondrial ribosomes. The unedited rpsl2 translation prod- 
ucts are detectable as unassembled subunits not associated with ribo- 
somes. Does the unedited rpsl2 protein possess a second function, for 
example as an RNA-binding protein? As a result of incomplete C- to U- 
editing, gene expression can be polymorphic and different polypeptides 
can be translated from these mRNAs (Phreaner et al. 1996). 



c) Mechanism of RNA Editing 

Neither the biochemical mechanism of the editing reaction nor the com- 
ponents of the editing machinery in higher plant mitochondria are cur- 
rently known. Several mechanisms able to change a cytidine posttran- 
scriptionally are conceivable. The base-pairing ability of cytidine can be 
modified, for example, by the attachment of the amino acid lysine at 
position 2 of the cytidine. The resulting hypermodified base is read by 
most enzymes as a uridine. Another mechanism being discussed refers 
to the transglycosylation reaction in which the cytosine base is ex- 
changed by uracil. The replacement of complete cytidine nucleotides by 
uridine via deletion and insertion represents a third possibility. How- 
ever, the most likely, because also the most simple, mechanism is the 
creation of a uridine by site-specific hydrolytic deamination of the 
cytidine at position 4. Experimental evidence has been reported that in 
plant mitochondria a deamination reaction takes place in the posttran- 
scriptional cytidine to uridine modification process (Yu and Schuster 
1995). Only cytidines at editing sites are edited, while other cytidines are 
not modified. This suggests that site-specific factors for individual edit- 
ing sites are involved in RNA editing of plant mitochondria. 
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The following section will give a short view of general mechanisms and 
components of the mitochondrial protein import pathway (see Table 3), 
which are best known from investigations on Saccharomyces cerevisiae 
and Neurospora crassa (reviewed by Hannavy and Schatz 1995; Ryan and 
Jensen 1995). After that we discuss the function and special features of 
the components known from higher plant mitochondria. 



a) The General Import Pathway 

Nuclear-encoded mitochondrial proteins are usually translated into pre- 
cursor proteins, which typically carry N-terminal presequences forming 
positively charged amphiphilic a-helixes (von Heijne 1986). The import 
of these preproteins into mitochondria occurs at contact sites of the two 
mitochondrial membranes and requires the cooperation of two multi- 
subunit translocation complexes (Mom, Mim) in both membranes as 
well as factors of the cytosol and the matrix space. 

During synthesis at cytosolic ribosomes and transport to the import 
sites, some precursor proteins are stabilized in an import-competent 
state by ATP-dependent interaction with cytosolic factors, like Hsp70, 
Mas5, and the mitochondrial import stimulation factor Msf (Deshaies et 
al. 1988; Atencio and Yaffe 1992; Hachiya et al. 1994). The preproteins 
bind to Mas70 and Mas37 (Ramage et al. 1993), a receptor complex at 
the outer face of the outer membrane, and are then transferred to Mas20 
and Mas22, a second receptor complex which is in contact with compo- 
nents of the import channel (Lithgow et al. 1995; Lill and Neupert 1996). 
Other proteins seem to bind directly to the Mas20/Mas22 complex prior 
to the import, thus bypassing the use of Msf and Mas70/Mas37, and 
therefore do not require cytosolic ATP for import (Ryan and Jensen 
1995). 

Subsequently, the proteins enter the outer membrane import channel 
called GIP (general insertion pore), a complex of at least five proteins, 
Isp42, Isp6, Mom30, Mom8, Mom7 (Baker et al. 1990; Sollner et al. 1992; 
Kassenbrock et al. 1993), followed by translocation in an extended state 
with the N-terminus crossing the membrane first. Isp42 and Isp6 are in 
close contact and mediate the passage of precursor proteins across the 
outer membrane. 

For further translocation across the inner membrane, a membrane 
potential (Avy) is required, which facilitates correct interaction of the 
positively charged presequence of the preprotein with Mim44, a compo- 
nent of the inner membrane import complex. The additional inner 
membrane proteins of the complex, Mim23 and Miml7, are a part of a 
passive protein import channel (Pfanner et al. 1994). The mechanism 
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which mediates the association of the import channels of the outer and 
the inner membrane is not yet known. As soon as the preprotein is ex- 
posed to the matrix space, the N-terminal sequence interacts with 
mtHsp70, a chaperon of the matrix space (Kang et al. 1990), preventing 
retranslocation of the partially translocated protein. The mtHsp70 coop- 
erates with two chaperons, Mge and Mdj (Bolliger et al. 1994; Rowley et 
al. 1994), of which Mge is required for the import and Mdj is involved in 
the refolding of the imported proteins. Reversible interactions between 
the chaperons and the imported proteins lead to the complete translo- 
cation across the inner membrane and requires matrix ATP. Further- 
more, correct folding of imported proteins can be supported by the 
mtHsp60/mtHspl0 chaperon system (reviewed by Hartl et al. 1994). 

Once exposed to the matrix space, cleavable N-terminal presequences 
of the imported proteins have to be removed. In some cases, this is car- 
ried out by the mitochondrial intermediate peptidase Mip (Kalousek et 
al. 1992; Isaya et al. 1994). Most of the imported precursors are proc- 
essed by the general matrix-processing peptidase Mpp. In Saccharomy- 
ces cerevisiae, this signal peptidase consists of the soluble subunits 
aMpp and PMpp (Yang et al. 1988). In Neurospora crassa, the p-subunit 
of Mpp was found to be associated with the cytochrome be, complex 
(Arretz et al. 1994), while in higher plants both subunits were shown to 
be integral components of the cytochrome be, complex (see below). 

Imported proteins destined to the intermembrane space carry a bi- 
partite targeting sequence. The first part represents the matrix-targeting 
signal, which is cleaved off by Mpp. The second part is an intermem- 
brane space sorting signal, that in several intermembrane space proteins 
is processed by the innermembrane peptidase Imp, a signal peptidase, 
consisting of the two related subunits, Impl and Imp2 (Behrens et al. 
1991; Schneider et al. 1991; Nunnari et al. 1993). For some intermem- 
brane space proteins the precise sorting mechanism is not yet clear. One 
possibility is that the inner membrane sorting signal serves as a stop 
transfer domain that leads to an arrest of the imported protein in the 
inner membrane. Subsequent sorting to protein complexes occurs by 
lateral movement in the inner membrane (Click et al. 1992). This is in 
contrast to the conservative sorting model, where the proteins are com- 
pletely imported along the general import pathway into the matrix, from 
where they are reexported across the inner membrane (Hartl and Neu- 
pert 1990). A combination of both models is suggested by the work of 
Gartner et al. (1995). 

Finally, folding and assembly of the imported proteins into functional 
multisubunit complexes occurs. Misfolded proteins are degraded by a 
special protease. Pirn, which cooperates with the mtHsp70 (Wagner et al. 
1994). 




Table 3. Components of the mitochondrial protein import 
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For references see text. 
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For several proteins like MTFl (Sanyal and Getz 1995), Aac (Pfanner 
et al, 1994), and Cyt c, (Mayer et al. 1995), it was shown that their import 
differs in part or even completely from the described general import 
pathway, but until now there is little known about their import mecha- 
nism. 



b) The Mitochondrial Protein Import Pathway of Higher Plants 
a) Cytosol 

A cytosolic component which may play a role in the import of proteins 
into plant mitochondria is a heat shock protein, homologue to Hsp70. It 
was first described in maize (Rochester et al. 1986) and exhibits 68% 
amino acid sequence homology to the Drosophila gene (Ingolia and 
Craig 1982). 

In the cytosol of cucumber seedling cells, one finds a plant homologue 
of the Escherichia coli chaperon DnaJ (Bardwell et al. 1986). The protein, 
termed Csdnaj (Preisig-Miiller and Kindi 1993), exhibits 39% sequence 
identity to the yeast dnaj homologue Ydjl/Mas5 (Stochaj et al. 1991; 
Atencio and Yaffe 1992) and shares the common conserved sequence 
motifs of the Dnaj -like proteins of other organisms. 

Heat shock-treated seedlings show an increased transcription rate. It 
has yet to be shown that the cytosolic heat shock protein is part of the 
mitochondrial protein import pathway, like the yeast homologue 
Ydjl/Mas5. 



p) Outer Membrane 

The protein composition of the plant mitochondrial outer membrane 
looks similar to that of Neurospora crassa. Both protein profiles consist 
of 25-30 proteins of which circa 10 proteins are assumed to be involved 
in protein import. A 42-kDa protein in Vida faba has been described 
(Perryman et al. 1995), which is essential for the import of the pre- 
Rieske FeS protein, su9-DHFR, and the ADP/ATP carrier into mito- 
chondria. The import of these proteins was blocked by antibodies raised 
against the 42-kDa protein. Cross-reactivity with Neurospora crassa 
Mom38 and Saccharomyces cerevisiae Isp42 indicates that this protein 
might represent the plant homologue of Mom38/Isp42, and is therefore a 
part of the plant general insertion pore GIP. 
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Y) Inner Membrane 

A well-characterized component of the plant mitochondrial import ma- 
chinery is the matrix-processing peptidase Mpp of potato tuber (Braun 
et al. 1992; Emmermann et al. 1993). 

Schmitz and coworkers showed that the processing activity for im- 
ported precursor proteins is associated with the cytochrome bCj complex 
of the mitochondrial inner membrane. The dual function as a part of the 
respiratory chain and as a processing peptidase stands in contrast to 
fungi and mammals, where the protease activity is located in the mito- 
chondrial matrix. 

First is was shown that a 51-kDa subunit of the cytochrome be, com- 
plex is required for the processing of imported precursor proteins. The 
amino acid sequence reveals high identity to the sequences of the fungal 
and mammalian matrix-processing peptidase (Braun et al. 1992; 
Emmermann et al. 1994a). The protein, which was termed oMpp, exists 
in two different isoforms, al-Mpp and all-Mpp (Emmermann et al. 
1994b; Braun and Schmitz 1995). These proteins share 84% amino acid 
sequence identity, but they do not occur simultaneously as subunits of 
the cytochrome be, complex. Both proteins show tissue-specific expres- 
sion pattern, and all-Mpp exists only in a substoichiometric concentra- 
tion. The aMpp contains an incomplete inverse zinc-binding motif, His- 
x-x-Glu-His, which leads to the suggestion that this subunit is not the 
proteolytic part, but a binding factor that presents imported precursor 
proteins to the catalytic subunit of the processing peptidase. The precur- 
sor proteins of aMpp are processed by the already existing mature Mpp, 
which is integrated in the cytochrome be, complex. 

The P subunit of Mpp occurs either as a 55- or a 53-kDa protein, 
termed Pl- and plI-Mpp. These proteins share 40-50% amino acid se- 
quence identity to the fungal and mammalian processing-enhancing 
protein. Both proteins are isoforms, like al- and all-Mpp, and can exist 
alternatively in the cytochrome be, complex (Emmermann and Schmitz 
1995). The p subunit contains the complete inverse zinc-binding motif, 
which is proposed to possess the proteolytic activity and classifies it as a 
metallopeptidase of the pitrilysin family (Emmermann and Schmitz 
1995). 

Plant Mpp were also found in wheat (Braun et al. 1995) and spinach 
mitochondria (Eriksson and Glaser 1992). As in potato, Mpp activity in 
spinach leaf mitochondria is associated with the cytochrome be, com- 
plex of the respiratory chain. The enzyme is also a heterodimer and is 
proposed to be a metallopeptidase, like the Mpp of potato (Eriksson et 
al. 1994). 

In spinach leaf mitochondria, a different inner membrane-associated 
peptidase activity has been described (Knorpp et al. 1995). This protease 
activity is dependent on ATP, and it seems that it belongs to a serine- 
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type protease. Like the Piml protease (Suzuki et al. 1994), the plant en- 
zyme degrades nonassembled and misfolded proteins. Until now, no 
corresponding protein or gene has been isolated and sequenced. 



5) Matrix 

In Pisum sativum a gene has been identified which shares a high degree 
of homology to mtHsp70 proteins of other organisms (Felicity et al. 
1992). Using antibodies directed against the predicted protein, a mito- 
chondrial matrix localization was shown. This mtHsp70 contains the 
conserved substrate- and ATP-binding sites which are typical for mem- 
bers of the Hsp70 family. 

In tomato {Lycopersicon peruvianum) the corresponding protein is 
described as mitochondrial Hsp68 (Neumann et al. 1993). With antibod- 
ies raised against the protein, the localization in the mitochondrial ma- 
trix and cross-reaction with the Escherichia coli heat stress protein DnaK 
was shown. Like the mtHsp70 of pea, the protein is synthesized as pre- 
protein, whose mitochondrial targeting sequence is cleaved off during or 
after import into mitochondria. It is supposed that the protein is directly 
involved in the translocation of proteins across the inner membrane and 
subsequent refolding. 

The mitochondrial chaperons Cpn60 and CpnlO were isolated from 
potato tubers (Burt and Leaver 1994). They form binary complexes in 
the presence of Mg-ATP and are assumed to be involved in protein 
folding and complex assembly of imported proteins (Moore et al. 1994). 



e) Targeting Sequences 

In general, the targeting sequence of a nuclear-encoded preprotein is 
specific for the respective organelle. In only a few cases has mistargeting 
of proteins been reported (Hurt et al. 1986; Huang et al. 1990). A special 
case is the glutathione reductase preprotein, which contains a targeting 
sequence for sorting into chloroplasts and mitochondria (Creissen et al. 
1995). This presequence is also able to direct a bacterial fusion protein 
into both organelles. It is assumed that the bifunctional targeting se- 
quence contains structures which are recognized by the two different 
import machineries. 

The model presented here for the plant mitochondrial protein import 
pathway looks in general like that of fungi, but a few details, for example 
the location of Mpp, are different (Fig. 5 and Table 3). In contrast to 
fungal mitochondria, just a few proteins are identified from plant mito- 
chondria, which play a role in the import of preproteins into the organ- 
elle. In most cases, the identified proteins show a high amino acid se- 
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Fig. 5. Components of the plant mitochondrial protein import pathway. OM outer mem- 
brane; IMS inter membrane space; IM inner membrane; for abbreviations see text 



quence homology to their fungal counterparts so that it seems that both 
pathways are evolutionary related. 



6. Concluding Remarks 

Several areas of research not treated in this chapter are nevertheless 
expected to yield promising results in the future. These areas include the 
import of RNA into mitochondria (Small et al. 1992; Schneider 1994; 
Tarassov et al. 1995), RNA stability, RNA splicing, and the nuclear re- 
storer genes for cytoplasmic male sterility (CMS) in higher plants. Fi- 
nally, two unexpected findings obtained with yeast should be mentioned. 
Firstly, the nuclear-encoded isocitrate dehydrogenase, a Krebs cycle 
enzyme, has probably a second function and shows RNA-binding activ- 
ity. The protein binds specifically to the 5’ untranslated leaders for all 
major yeast mitochondrial mRNAs and could play a role as a novel 
translational repressor (for review see Grivell 1995). Secondly, nuclear 
genes for mitochondrial outer membrane proteins have been identified 
that affect mitochondrial morphology and inheritance (Burgess et al. 
1994; Sogo and Yaffe 1994). 
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VI. Genetics of Phytopathogenic Bacteria 

By R. Bahro, J. Dreier, and R. Eichenlaub 



1. Introduction 

In nature, the interactions between plants and microorganisms are 
manifold and occur in the soil, the rhizosphere, or in the aerial part of a 
plant. These interactions can be quite different in their effect on the 
plant. Saprophytes colonize the surface of plants with no adverse influ- 
ence. Pathogenic bacteria may have evolved from such harmless sapro- 
phytes by acquiring pathogenicity genes. The products of such genes 
cause a specific disease and eventually kill the plant. On the other hand, 
as demonstrated by the Rhizobia-legames interaction, it is also possible 
that a symbiosis can evolve where both partners benefit from such a 
situation. This topic has been treated in recent reviews by Van Rhijn and 
Vanderleyden (1995) and Spaink (1995). 

Classical phytopathology has provided extensive information on 
plant diseases caused by pathogenic bacteria. In this interaction, in 
many instances components excreted by the pathogen constitute the 
principal pathogenicity factors. These include plant cell wall-degrading 
enzymes, toxins, phytohormones, exopolysaccharides, and the products 
of the hrp genes. The powerful genetic methods now available allow the 
molecular analysis of pathogenicity genes and provide new concepts on 
the mechanisms by which bacteria cause disease in their host plant. Due 
to the enormous extent of information which has accumulated in the 
past 10 years, it is impossible to discuss all facets of the field in a single 
review. Therefore, the present chapter will deal only with recent progress 
in the genetic analysis of bacterial pathogenicity genes, as there are the 
hrp genes, toxin genes, and genes for the biosynthesis of phytohor- 
mones. The genetics of exopolysaccharides and plant cell wall-degrading 
enzymes will be covered in an oncoming review. Also the avirulence 
genes, which are defined by their ability to convert a previously virulent 
bacterium to an avirulent variant on a particular cultivar of the host 
plant, will not be covered here. This specific pathogen-plant interaction 
which led to the well-known gene-for-gene hypothesis has been reviewed 
recently by Dangl (1994). For such topics as the physiology and genetics 
of plant defence, the reader is referred to reviews by Boiler (1995), Baker 
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and Orlandi (1995) and Kuc' (1995), The genetic aspects of Agrobacte- 
riwm-plant interaction have been treated in a review article by Hooykaas 
and Beijersbergen (1994). 



2. Phytotoxins 

Bacterial toxins are a biochemically well-studied class of compounds 
that are known to be relevant for plant disease. The chemical structure 
of toxins, their biosynthetic pathways, and their mode of action is 
known in many cases. Toxin synthesis is prevalent among most patho- 
vars of Pseudomonas syringae, suggesting that a selective pressure for 
toxigenic strains exists in this plant-microbe interaction. The toxins of 
the pseudomonads can be divided into those that induce either chlorosis 
(e.g., phaseolotoxin, coronatine, tabtoxin) or necrosis (e.g., syringomy- 
cin, syringotoxin) in affected plant tissue. The genes for phytotoxin pro- 
duction have been identified and cloned from several phytopathogenic 
pseudomonads (for reviews see also Gross 1991; Willis et al. 1991a). 



a) Phaseolotoxin 

Pseudomonas syringae pv. phaseoUcola causes halo blight of beans 
(Phaseolus vulgaris L.) and produces the extracellular, nonspecific, 
chlorosis- inducing phytotoxin phaseolotoxin. Phaseolotoxin [N^(N’- 
sulfo-diaminophosphinyl)-ornithyl-alanyl-homoarginine] (Moore et al. 
1984) and its degradation product ocitidine [N®(N’-sulfo-diamino- 
phosphinyl)-ornithine; Mitchell and Bieleski 1977] inhibit a key enzyme 
of the arginine biosynthetic pathway, ornithine carbamoyltransferase 
(OCT), in vitro as well as in bean plants infected with toxigenic strains of 
P. s. pv. phaseoUcola (Patil et al. 1970; Mitchell 1978). The inhibition of 
OCT in infected plants leads to chlorosis and growth inhibition (Patil et 
al. 1972). 

Synthesis of phaseolotoxin is regulated by the growth temperature, with optimal produc- 
tion occurring between 18 and 20 °C, and no detectable production at 30 °C (Staskawicz 
and Panopoulous 1979; Rowley et al. 1993). It has been established by the analysis of 
phaseolotoxin-deficient (Tox-minus) mutants that phaseolotoxin is a virulence factor 
which affects the severity of the disease (Patil et al. 1974; Staskawicz and Panopoulos 
1979; Peet et al. 1986; Zhang et al. 1993). Tox-minus mutants are still able to cause lesions 
on the leaves of bean, but do not cause the characterisic chlorotic halos typical for the 
disease, and are unable to spread systematically through the host plant. 

Peet and coworkers (1986) identified a chromosomal gene cluster which 
restores toxin production in Tox-minus mutants. Recently, complemen- 
tation analysis of chromosomal Tn5 Tox-minus mutants revealed that 
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there are a minimum of eight toxin loci (phtA-H; Zhang et al. 1993). To 
avoid autotoxicity, P. s. pv. phaseolicola produces a phaseolotoxin- 
resistant OCT (ROCT) encoded by the argK gene that is physically linked 
to and coordinately regulated with the phaseolotoxin genes by the 
growth temperature (Staskawicz et al. 1980; Peet and Panopoulos 1987; 
Mosqeda et al. 1990; Hatziloukas and Panopoulos 1992). 



b) Coronatine 

Several pathovars (pvs.) of Pseudomonas syringae produce the phyto- 
toxin coronatine (COR) including pvs. atropurpurea, glycinea, maculi- 
cola, morsprunorum, and tomato, which are pathogens of rye grass, soy- 
bean, crucifers, Prunus spp. and tomato, respectively (Mitchell 1982; 
Mitchell et al. 1983; Wiebe and Campbell 1993). COR is a nonhost- 
specific phytotoxin which includes chlorosis, hypertrophy, induction of 
ethylene production and accelerated senescence (Mitchell and Young 
1978; Gnanamanickam et al. 1982; Ferguson and Mitchell 1985; Kenyon 
and Turner 1992). The toxin is an amide of coronafacic acid and coro- 
namic acid, with both moieties being required for the phytotoxic effects 
of COR (Mitchell 1991; Parry et al. 1994). Although COR appears to be a 
major virulence factor in Pseudomonas syringae pvs., the molecular 
mode of action of COR is still not known. The production of COR in- 
duces a number of responses in plants like those induced by ethylene or 
indoleacetic acid, suggesting that the toxin alters host metabolism in a 
manner analogous to that of plant growth hormones (Ferguson and 
Mitchell 1985; Kenyon and Turner 1992). The structural and functional 
homologies between COR, methyl-jasmomate, and 12-oxo-phytodienoic 
acid suggest that COR mimics the octadecanoid-signaling molecules of 
higher plants (Feys et al. 1994; Weiler et al. 1994). Mittal and Davis 
(1995) demonstrated that COR may be important during early stages of 
infection by suppressing host defence reaction. 

In many pathovars of Pseudomonas syringae, the genes for COR bio- 
synthesis were found to be clustered on plasmids (Bender et al. 1991, 
1993; Young et al. 1992; Ullrich and Bender 1994). However, in P. s. pv. 
tomato the biosynthetic gene cluster for COR production maps on the 
chromosome (Moore et al. 1989; Ma et al. 1991). 



c) Tabtoxin 

Tabtoxin (Stewart 1971) is produced by several pathovars and isolates of 
Pseudomonas syringae, including P. s. pv. tabaci causing wildfire of to- 
bacco, P. syringae isolate BR2, causing wildfire of bean (Ribeiro et al. 
1979), and P. s. pv. coronafaciens, responsible for haloblight on oats 
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(Willis et al. 1991a). Tabtoxin is converted into the biologically active 
form tabtoxinine-p -lactam (XPL) by peptidases present in either the 
host plant or the bacteria (Uchytil and Durbin 1980; Levi and Durbin 
1986). IPL inhibits glutamine synthetase (Sinden and Durbin 1968; 
Thomas et al. 1983; Thomas and Durbin 1985). In the host plant, this 
inhibition causes an accumulation of ammonia, which leads to the for- 
mation of chlorotic halos surrounding the necrotic lesions at the site of 
infection (Turner and Debbage 1982). Although Xpi clearly contributes 
to the typical appearance of the disease symptoms in wildfire disease of 
tobacco and in halo blight disease of oats, it was discussed that TpL pro- 
duction is not really essential for pathogenicity of tobacco and oat iso- 
lates (Engst and Shawn 1992). However, it was shown that TpL is an es- 
sential pathogenicity factor in P. syringae strain BR2, causing disease on 
green bean. Kinscherf et al. (1991) described spontaneous and trans- 
poson-generated Tox-minus mutants of strain BR2 that are nonpatho- 
genic on green bean. The phenotype of the spontaneous mutants was 
characterized, and resulted in chromosomal deletions in a region in- 
volved in tabtoxin production. Complementation with a cosmid desig- 
nated pRTBL823 restored toxin production in both insertion and dele- 
tion mutants and also restored the ability to cause disease. These results 
indicate that genes for toxin biosynthesis and resistance are clustered on 
the chromosome. Similarly, results with complementation of Tn5- 
induced Tox-minus mutants of P.s. pv. tabaci strain PTBR2.024, which 
causes wildfire on tobacco and bean, confirmed the requirement of tab- 
toxin biosynthesis for pathogeniciy (Engst and Shaw 1992). 



d) Syringomycin 

Pseudomonas syringae pv. syringae infects the parenchymatous tissues 
of numerous plant species. It is most common among plant pathogenic 
strains of P. s. pv. syringae that they produce structurally related lipo- 
depsinonapeptide-phyto toxins (Ballio et al. 1990; Willis et al. 1991a; 
Fukuchi et al. 1992). Isolates from a variety of hosts produce syringo- 
mycins (Gross and DeVay 1977; Mitchell 1984; Gross and Cody 1985), 
isolates from citrus trees produce syringotoxin (Gronzalez et al. 1981; 
Ballio et al. 1990), while syringostatins are produced by strains isolated 
from lilac (Isogai et al. 1989). The necrosis-inducing nonhost-specific 
phytotoxin syringomycin, a cyclic lipodepsinonapeptide, kills plant cells 
by inhibition of ion transport across the plasma membrane (Bidwai and 
Takemoto 1987; Gross and Cody 1985; Zhang and Takemoto 1987). 

Isolated toxin causes necrosis when infiltrated into plant tissue. Syringomycin is also an 
antibiotic against numerous procaryotic and eucaryotic microorganisms, like the fungus 
Geotrichum candidum providing an useful bioassay for toxin production (DeVay et al. 
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1968; Sinden et al. 1971). Nearly all P. s. pv. syringae strains have a sensory mechanism 
for specific plant metabolites that modulate syringomycin production (Mo and Gross 
1991). The plant signal molecules arbutin and D-fructose can activate the production of 
toxin up to tenfold higher levels (Quigley and Gross 1994). Control of the toxigenesis by 
plant signals is not surprising because it ensures that the bacterium can adopt to a dy- 
namic plant environment. 

Genetic analysis of syringomycin production in strain B301D resulted in 
the identification of three syr genes which are clustered on the chromo- 
some (Quigley and Gross 1993; Quigley et al. 1993). These genes are re- 
quired for toxin synthesis {syrB and syrC) and toxin export (syrD), and 
are highly conserved and pathovar-specific (Quigley and Gross 1994). 
Therefore, they can be used in diagnosis of the disease. For this purpose, 
DNA probes and PGR primers have also been developed that specifically 
identify coronatine or phaseolotoxin-producing strains of P. syringae 
(Schaad et al. 1989; Cuppels et al. 1990; Bereswill et al. 1994). 



3. Phytohormones 

Many plant pathogenic bacteria have developed the capacity to alter the 
physiology of their host to their own advantage. The ability to produce 
the phytohormones auxin, indole-3-acetic acid (lAA), and cytokinins is 
particularly widespread among phytopathogenic bacteria (Morris 1986; 
Fett et al. 1987; Yamada 1993). In a number of cases, molecular and 
physiological studies indicate a central role of phytohormones in the 
development of disease symptoms, for example in gall formation 
(hyperplasias). Genes encoding enzymes that synthesize or derivatize 
the primary plant growth hormones have been observed in all gall- 
forming bacteria (Nester and Kosuge 1981; Morris 1986; Yamada 1993). 

Pseudomonas syringae pv. savastanoi induces hyperplasia on its host 
plant, with symptoms varying from knots on oleander (Nerium olean- 
der) and olive {Olea europea) to bark blisters and wart-like formations 
on ash {Fraxinus spp.) (Gardan et al. 1992). The formation of tumorous 
galls is due to the production and secretion of high levels of auxins and 
cytokinins by P. s. pv. savastanoi (Smidt and Kosuge 1978; Comai and 
Kosuge 1982; Hutcheson and Kosuge 1985; Morris 1986). The lAA syn- 
thesis pathway and its role in virulence have been extensively studied 
(Comai and Kosuge 1980, 1982; Surico et al. 1984; Gaffney et al. 1990; 
Soby et al. 1994). Mutants of P. s. pv. savastanoi deficient in iaa genes 
are avirulent. In P. s. pv. savastanoi isolates from oleander the IAA syn- 
thesis genes are plasmid-borne (Comai and Kosuge 1980). They have 
been sequenced and their expression was analyzed (Yamada et al. 1985; 
Gaffney et al. 1990). The auxin IAA is produced from L-tryptophan via 
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indole-3-acetamide (lAM) as an intermediate (Yamada et al. 1985). The 
lAM pathway is common to all phytopathogenic, tumorigenic bacteria 
that cause plant hyperplasia diseases (Yamada 1993). The presence of 
the lAM pathway is rare in dicotyledonous plants, although it has been 
reported in higher plants (Kawaguchi et al. 1991, 1993; Saotome et al. 
1993). Therefore, it is suggested that by utilizing the lAM pathway, 
unique to bacteria, the pathogen can override the regulatory mechanism 
by which the host plant controls lAA levels (Manulis et al. 1991b). The 
genes involved in lAA biosynthesis iaaM, which encodes a tryptophan 
monooxygenase, and iaaH, encoding an indoleacetamide hydrolase, are 
arranged in an operon (Yamada et al. 1985). 

In a number of P. s. pv. savastanoi strains, production of cytokinins is 
also correlated with the presence of plasmids (Morris 1986). The key 
enzyme for cytokinin biosynthesis in phytopathogenic bacteria is an 
isopentenyl transferase (Ipt). Genes encoding this enzyme have been 
detected in all known gall-forming bacteria (Morris 1986). The ipt gene 
was originally identified at the tmr locus of T-DNA of Agrobacterium 
tumefaciens. Another homologous gene (tes) from the nopaline biovar of 
A. tumefaciens belongs to the vir regulon. 

A. tumefaciens causes crown gall, a neoplastic disease of dicotyledonous plants 
(Hooykaas and Beijersbergen 1994). Genetic information carried by T-DNA (transfer- 
DNA) on the Ti plasmid in A. tumefaciens is transferred from the bacteria into host cells. 
The T-DNA is subsequently integrated into the host genome, where its expression causes 
the tumor phenotype. The structural genes for a cytokinin biosynthetic isopentenyl 
transferase {ipt) and two lAA biosynthetic enzymes, tryptophan monooxygenase (fmsl), 
and an indoleacetamine hydrolase {tms2) are clustered on the T-DNA (Inze et al. 1984; 
Morris 1986). 

Agrobacterium rhizogenes leads to abundant proliferation of so-called hairy roots as a 
consequence of bacterial infection at the sites of inoculation (Binns and Thomashow 
1988; Zambryski et al. 1989). The T-DNA of the Ri plasmid carries the rol genes that are 
involved in the increase of phytohormone content and therefore stimulate the differen- 
tiation of the transformed plant tissue into roots (White et al. 1985; Spena et al. 1987; 
Camilleri and Jouanin 1991). 

The plasmid-borne cytokinin biosynthesis gene ptz of P. s. pv. savastanoi 
is structurally similar to the corresponding A. tumefaciens genes (Powell 
and Morris 1986). In contrast to the expression of tzs, which is induced 
by phenolic compounds of the plant, ptz is constitutively expressed and 
is controlled by an Escherichia coli consensus promoter. On the basis of 
the analysis of large deletion mutants deficient in lAA or cytokinin bio- 
synthesis, it was suggested that the ptz gene of P. s. pv. savastanoi con- 
tributes to gall size (Surico and lacobellis 1992). 

Erwinia herbicola pv. gypsophilae induces gall formation on the or- 
namental flower Gypsophila paniculata (Cooksey 1986), whereas isolates 
of another pathovar of E. herbicola also generate galls on Beta vulgaris L. 
(Burr et al. 1991). Pathogenic isolates have been shown to carry iaaM 
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and iaaH genes specifying lAA production via the lAM pathway 
(Manulis et al. 1991a, b; Clark et al, 1993). Furthermore, a gene etz in- 
volved in cytokinin biosynthesis with extensive homology to ipt, has 
been isolated (Lichter et al. 1995a, b). The genes for phytohormone pro- 
duction are clustered on a plasmid, termed pPATH, which is present 
only in virulent strains (Manulis et al. 1991a; Lichter et al. 1995a, b). 
Insertional inactivation of the lAA or cytokinin biosynthesis genes re- 
sulted in galls smaller than those induced by wild-type strains (Clark et 
al. 1993; Lichter et al. 1995a). Recently, sequence and analysis revealed 
the presence of six copies of the insertion-like element IS1327 on the 
pPATH plasmid (Lichter et al. 1996). Only virulent strains contain 
IS 1327, and therefore it is discussed that IS 1327 may mediate transfer of 
phytohormone biosynthesis genes among strains of E. herbicola. Also for 
the lAA biosynthesis genes of P. s. pv. savastanoi and A. tumefaciens, a 
transfer by IS51 and its homologous element IS868 has been suggested 
(Yamada et al. 1986; Paulus et al. 1991). 

Rhodococcus fascians a Gram-positive, nocardiform bacterium is a 
pathogen of dicotyledonous plants (LeChevalier 1986) causing fascia- 
tion, a disease characterized by loss of apical dominance and the devel- 
opment of multiple shoots, giving rise to leafy galls. This proliferation is 
governed by multiple bacteria loci located on the linear Fi plasmid and 
on the chromosome (Crespi et al. 1992). In R. fascians D188 three viru- 
lence loci {fas, att, and hyp) have been identified on the 200-kb conjuga- 
tive, linear plasmid pFiD188 (Crespi et al. 1994). Inactivation of the /as 
locus, which is directly involved in cytokinin production, leads to a 
complete loss of phytopathogenicity. In this locus a gene coding for an 
isopentenyl transferase (ipt) has been identified by sequence homology 
and by biochemical approaches. Expression of ipt in R. fascians is regu- 
lated by an inducing factor which can be detected only in extracts from 
plant tumor tissue (Crespi et al. 1992). 

A number of nongall-forming plant pathogenic pseudomonads, xanthomonads and 
Streptomyces spp. produce lAA in vitro when supplemented with L-tryptophan. Xantho- 
monas campestri pv. glycines causes bacterial pustule disease on leaves of susceptible 
soybean cultivars. A relationship of lAA synthesis to the pathogenicity of X. c. pv. gly- 
cines is not clear, since all avirulent strains are still capable of lAA synthesis in culture 
(Fett et al. 1987). Streptomyces scabies, as well as other Streptomyces spp., which have 
been reported as the causal agents of potato scab disease, are able to produce lAA via the 
lAM pathway. The observation that development of potato scab formation is associated 
with cell division during development of wound periderm has led to the hypothesis that 
lAA may be involved in the pathogenicity of Streptomyces spp. (Manulis et al. 1994). P. s. 
pv. syringae, the causal agent of brown spot of bean (Phaseolus vulgaris), and P. s. pv. 
glycinea, the causal agent of bacterial blight of soybean, carry genes highly homologous 
to iaaM and iaaH of P. s. pv. savastanoi and therefore synthesizes lAA predominantly, if 
not exclusively, via the lAM pathway (White and Ziegler 1991; Mazolla and White 1994). 
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When disease symptoms include hypertrophy of host tissue, the in- 
volvement of increased auxin and c^okinin levels in pathogenesis is a 
priori very likely. However, these phytohormones have numerous other 
effects on plant tissue which may favor bacterial propagation in planta 
in the absence of hypertrophy. Thus, exogenous lAA can induce plant 
cell-wall loosening and membrane leakiness, thereby stimulating the 
exudation of nutrients (Kundert and Libbert 1972; Rausch et al. 1984). 
lAA-producing bacteria might therefore have an advantage over non- 
producing bacteria in acquisition of nutrients required for growth. It has 
been suggested that auxin and cytokinin concentration in plant tissue 
invaded by pathogens could downregulate host-defence responses 
(Dominov et al. 1992; Yamada 1993), and reduce the levels of hydrolytic 
enzymes such as chitinases and (3-1,3-glucanases and of enzymes in- 
volved in lignification (Shinshi et al. 1987; Lamb et al. 1989). In addition, 
lAA was found to suppress the hypersensitive response of host plants 
(Robinnete and Matthysse 1990). Thus by weakening the plant defence 
reaction, phytohormones might help the bacterium to successfully infect 
the host plant and can add to virulence. 



4. /try Genes 

Among the genes which are important in the pathogenic interaction of 
bacteria and plants, the hrp genes (for hypersensitive reaction and 
pathogenicity; Lindgren et al. 1986) play a key role because in some sys- 
tems they control the ability both to cause disease on susceptible host 
plants and to induce the local defence reaction called hypersensitive 
response (HR) on nonhost or resistant plants. The HR is characterized 
by a rapid, localized plant cell death, and production of phenolic com- 
pounds and antimicrobial agents, e.g., phytoalexins, at the site of patho- 
gen invasion. It occurs during incompatible interactions, which typically 
involve a biotrophic, host-specific pathogen that causes disease only in a 
different plant, and it is associated with resistance to many fimgi, vi- 
ruses, and bacteria (Kiraly 1980; Klement 1982; Lindsay et al. 1993). The 
HR inhibits pathogen propagation and thus prevents disease develop- 
ment. In a natural infection, the HR is microscopically small and can be 
induced by just one bacterial cell. Only when bacteria are injected into 
plant tissue at high concentrations in the laboratory (greater than 10‘ 
CFU/ml) is HR macroscopically visible as a confluent necrotic spot, and 
can be clearly distinguished from typical disease symptoms. It is impor- 
tant to emphasize that saprophytic or nonpathogenic bacteria such as 
Escherichia coli or Pseudomonas fluorescens do not induce an HR and 
are unable to multiply in plant tissue (Klement 1963; Klement et al. 
1964). 
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The search for early physiological processes occurring in plants inoculated with incom- 
patible P. syringae stains has revealed several responses, including a burst of active oxy- 
gen, membrane lipid peroxidation, Ca^"^ influx, and a KVH"^ exchange (Atkinson et al. 
1985, 1990; Keppler and Novacky 1986; Atkinson and Baker 1989; Keppler and Baker 
1989; Keppler et al. 1989; Croft et al. 1990; Novacky 1991). These processes also occur but 
at a much slower rate in the compatible interaction, and Atkinson and Baker (1987a, b) 
have proposed that the alkalinization of the apoplast resulting from the KVH"^ exchange 
may cause leakage of sucrose and other nutrients that permit bacterial growth in plant 
tissue. 



a) Isolation and Function of hrp Genes 

Hrp genes have been isolated from all major Gram-negative plant patho- 
genic bacteria except Agrobacterium (for reviews see Willis et al. 1991b; 
Boucher et al. 1992; Bonas 1994). The majority of hrp genes have been 
identified by complementation of mutants. Mutations in hrp genes were 
identified initially by screening mutants for either reduced virulence or 
loss of the ability to induce an HR on nonhost plants. The hrp genes were 
originally described in Pseudomonas syringae pv. phaseolicola and found 
to be clustered in a 20-kb DNA region on the chromosome (Lindgren et 
al. 1986; Rahme et al. 1991). Since then, hrp genes have been cloned from 
a number of different bacteria, and in each case they are organized in a 
gene cluster spanning 23 to 40 kb of DNA. Examples include Pseudo- 
monas solanacearum (Boucher et al. 1987), the Xanthomonas campestris 
pathovars campestris, vitians (Arlat et al. 1991), translucens (Waney et 
al. 1991), and vesicatoria (Bonas et al. 1991), Erwinia amylovora 
(Steinberger and Beer 1988; Barny et al. 1990; Walters et al. 1990; Bauer 
and Beer 1991), Erwinia chrysanthemi (Bauer et al. 1995), and several 
pathovars of P. syringae (Lindgren et al. 1988; Huynh et al. 1989; Liang 
and Jones 1995). Furthermore, genes with DNA homology and func- 
tional homology to hrp genes have been isolated from E. stewartii 
(Coplin et al. 1992; Laby and Beer 1992). Also a class of pathogenicity 
genes from X. c. pv. glycines has been identified which complements hrp 
mutants ofX. c. pv. vesicatoria (Hwang et al. 1992). However, nonpatho- 
genic xanthomonads that were originally isolated from diseased plants 
did not contain hrp-related DNA sequences (Stall and Minsavage 1990; 
Bonas et al. 1991). 

Recently, hrp mutants have been used to analyze the induction of pathogenesis-related 
proteins and plant stress response genes. The response of bean leaves to P. s. pv. tabaci 
has shown that hrp mutants, although failing to cause a macroscopic HR, did activate 
transcription of genes possibly associated with plant defence such as phenylalanine am- 
monia lyase and chitinase (Jakobek and Lindgren 1993). Following challenge with an 
hrpD mutant of P. s. pv. phaseolicola, lettuce cells underwent cell-wall alterations includ- 
ing deposition of hydroxyproline-rich glycoproteins, phenolic compounds, and callose 
(Bestwick et al. 1995). Localized cell-wall modification and formation of papilla repre- 
sents a typical defence response of pepper mesophyll cells against strains of X. campes- 
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tris. A suppession of such a reaction by X c. pv. vesicatoria requires the intact genes of 
the hrp cluster (Brown et al. 1995). 



Molecular analysis of the hrp genes has revealed some important clues to 
their possible biochemical functions. Since hrp genes are environmen- 
tally regulated, it was discussed for a while that they may encode pro- 
teins required for adaptation of the bacterium to the specific environ- 
ment of the plant tissue. Recently, evidence has accumulated that certain 
hrp genes seem to control the secretion of proteins capable of inducing 
the HR. A number of putative Hrp proteins are most likely associated 
with or localized in the bacterial membrane. Recently, HrpAl was shown 
to be an outer membrane protein of X. c. pv. vesicatoria by using a spe- 
cific polyclonal antibody (Wengelnik et al. 1996). The HrpB6 protein is a 
putative ATPase with highly conserved nucleotide and magnesium- 
binding domains. It is more similar to protein transport-specific 
ATPases, and the lack of membrane-spanning domains suggests a cyto- 
plasmic location (Fenselau et al. 1992). Recent DNA sequence analyses 
indicate that several putative Hrp proteins from different species are 
related and may be involved in a sec-independent secretion system re- 
sembling the secretion systems of type III for virulence factors in 
Yersinia, Shigella, and Salmonella (Fenselau et al. 1992; Gough et al. 
1992, 1993; Huang et al. 1992, 1993; Van Gijsegem et al. 1993; Wei and 
Beer 1993; Lidell and Hutcheson 1994). 

In mammalian pathogens, the same organization was found for eight particular genes 
involved in type III secretion, which are always part of the same operon (Van Gijsegem et 
al. 1995). Secretion systems of type III different to other well-characterized ones such as 
the hemolysin-like systems or to the general secretory pathway of Gram-negative bacte- 
ria (for a review see Salmon 1994). Certain proteins from bacteria, like E. colt. Bacillus, 
Caulobacter, and the mop region of Erwinia carotovora (MulhoUand et al. 1993; Lidell 
and Hutcheson 1994; Van Gijsegem et al. 1995), have also been found to be similar to 
Hrp proteins. Most of these are known to be involved in the assembly of the flagella, in 
motility, or in chemotaxis. Whether this conservation reflects only functional necessities 
or indicates that this particular secretion system has then been transferred horizontally 
to several bacterial species during evolution, is an open question. 



In summary, Hrp proteins are currently discussed as being involved in 
the secretion of elicitors and/or virulence factors by plant-pathogenic 
bacteria (Fenselau et al. 1992; Gough et al. 1992; Van Gijsegem et al. 
1993; Bonas 1994). In a few examples, this has been shown for proteins 
that act as elicitors of the HR, but secretion of virulence factors by Hrp 
proteins remains to be demonstrated. 
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b) Harpins 

The first hrp gene product found to act as an elicitor was harpin^^, a cell 
envelope-associated protein encoded by the hrpN gene of E. amylovora 
(Wei et al. 1992). Harpin^^ is a glycine-rich, hydrophilic, heat-stable 
protein with an apparent molecular mass of 44-kDa. Purified harpin^^ 
can elicit an HR-like necrosis when infiltrated into the leaves of tobacco, 
tomato, Arabidopsis thaliana, and several other plants. Mutations in the 
hrpN gene abolish the ability of E. amylovora to elicit an HR in tobacco 
and to cause disease in highly susceptible immature pear fruit. Southern 
hybridization analysis suggests that homologues of the hrpN gene are 
present in other pathogenic Erwinia spp., but are not found in Pseudo- 
monas and Xanthomonas spp. (Beer et al. 1993; Bauer et al. 1994). The 
purified HrpN^^ of E. chrysanthemi can elicit an HR-like necrosis in 
leaves of several plants species, and thus appears to be the only HR 
elicitor produced by £. chrysanthemi (Bauer et al. 1995). 

Bauer and coworkers have recently identified harpinp^^, encoded by 
the hrpZ gene of the bean pathogen Pseudomonas syringae pv. syringae 
(He et al. 1993). Harpinp^^ is also rich in glycine and heat-stable. As for 
harpiOp^ of E. amylovora, the function of harpinp,^ in pathogenicity is not 
yet known. Harpinp^^ is secreted by P. s. pv. syringae, and this depends on 
the HrpH protein. HrpH is highly homologous to proteins involved in 
secretion mechanisms in other plant and animal pathogens (Huang et al. 
1992). In addition, transposon TnphoA insertation in hrpC, hrpE, hrpW, 
hrpX, and hrpY genes abolish the ability to secrete the harpinp^^ (Huang 
et al. 1995), indicating that numerous genes are involved in harpin se- 
cretion. Recently, HrpZ proteins have been purified from P. s. pathovars 
syringae, glycinea, and tomato (Preston et al. 1995). A common ancestry 
of these proteins is suggested by their homology on the amino acid and 
DNA sequence level. All three harpins elicit an HR in tomato, but not in 
soybean. Thus it was suggested that HrpZ does not directly determine 
the narrow host range of P. syringae strains. 

An HR-inducing protein has been identified and characterized from P. solanacearum 
culture supernatants, termed Pop (Pseudomonas out protein; Arlat et al. 1994). Like 
harpins, Pop is a heat-stable and glycine-rich protein; however, the amino acid sequence 
is entirely different. In contrast to the harpins, the popA gene maps outside of the large 
hrp cluster. Interestingly, expression of popA is /jrpB-dependent, indicating that popA is 
part of the hrp regulon. Mutations in popA do not affect the HR on tobacco or patho- 
genicity on tomato, suggesting that more than one HR-inducing factor is required. The 
secretion of PopAl depends on other hrp genes, which are arranged in five transcription 
units encoding 20 putative Hrp proteins (Arlat et al. 1994). These include the positive 
regulators HrpB and HpaP, which are apparently not involved in the plant interaction. 
Among the 18 other proteins, eight belong to protein families involved in type III secre- 
tion pathways of bacterial pathogens of animals and plants, and in flagellum biogenesis 
(Van Gijsegem et al. 1995). 
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Expression of hrp genes is controlled by environmental conditions and 
has been studied on the RNA level as well as using transcriptional fu- 
sions to reporter genes. In general, expression of hrp loci is not detect- 
able when the bacteria are grown in complex culture media. However, 
during growth of bacteria in the plant, hrp genes are expressed. Attempts 
to mimic the conditions that bacteria encounter in the plant tissue re- 
sulted in the finding that growth in minimal media without any plant- 
derived factors was sufficient to induce hrp genes. This led to the specu- 
lation that bacteria have to experience some kind of starvation condi- 
tions for the expression of hrp genes. Expression of individual hrp loci is 
differentially affected by pH, osmotic strength, the concentration of or- 
ganic nitrogen and phosphate, and type of carbon source. High concen- 
trations of organic nitrogen generally appears to suppress hrp gene acti- 
vation (Arlat et al. 1991). Most hrp loci from different bacteria are in- 
ducible in a particular minimal medium. However, at this time it cannot 
be ruled out completely that stimulaton of hrp gene expression also in- 
volves specific plant factors, as described for Rhizobium- and Agrobac- 
terium-plant interactions (Mulligan and Long 1985; Winans 1990). 

The expression of hrp loci of P. s. pv. phaseolicola is suppressed in complex medium but 
induced in planta. Plant signals are specifically required for the induction during both 
compatible and incompatible interactions, suggesting that there is no plant species- 
specific molecule involved in the control of host range (Rahme et al. 1992). The optimum 
expression of all hrp genes in vitro occurred under conditions that simulate the environ- 
ment of leaf apoplast with respect to low osmolyte content and pH. However, in vitro 
expression never reaches the levels obtained in the plant (Rahme et al. 1992). 

Expression of hrp genes in X c. pv. campestris was determined after growth in vitro 
and found to be induced in minimal medium with sucrose and/or fructose as carbon 
source. No expression occurred in complex media or with high concentrations of organic 
nitrogen (Arlat et al. 1991). In X. c. pv. vesicatoriay expression of the six hrp loci is in- 
duced in the plant. Culture filtrates of sterile tomato cell suspension cultures induced 
expression of hrp genes in X. c. pv. vesicatoria. The inducing factor(s) was found to be 
smaller than 1 kDa, heat- stable, organic, and hydrophilic (Schulte and Bonas 1992). 
However, a minimal medium without plant-derived components was recently developed, 
which efficiently induces hrp gene expression in vitro (Wengelnik et al. 1996). 

In P. solanacearum, the hrp cluster is induced in host and in nonhost plants, as well as 
in minimal medium (Arlat et al. 1992). The only gene reported to regulate hrp gene ex- 
pression is hrpB (Genin et al. 1992). The gene is part of the hrp cluster and appears to be 
a member of the AraC family of positive regulatory proteins. The hrpB gene positively 
regulates transcription of the transcription units 1-4, and of four additional hrp loci that 
are essential for the secretion of PopAl (Arlat et al. 1994). Transcription units 5 and 6 
have been shown to be regulated differently (Genin et al. 1992). Whether the HrpB pro- 
tein binds directly to hrp promoters is not yet known. 

Environmental factors induce or suppress hrp gene expression, suggest- 
ing that specific regulatory genes are involved in the control of hrp pro- 
moter activities. At least two loci are engaged in a positive regulation of 
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the other hrp loci of the P. s. pv. phaseolicola hrp cluster (Fellay et al. 
1991). HrpRS and HrpL proteins are part of a regulatory cascade in 
which HrpR and HrpS activate expression of hrpL and HrpL induces 
expression of HrpL- responsive genes (Xiao et al. 1994). The HrpRS pro- 
teins are members of the NtrC family of two-component signal trans- 
duction systems (Grimm and Panopoulos 1989; Xiao et al. 1994) and 
HrpL appears to represent an alternative sigma factor (Xiao et al. 1994; 
Xiao and Hutcheson 1994). 

Apparently, hrpS-rehted sequences are also present in other bacteria, e.g., in P. s. pv. 
syringae (Heu and Hutcheson 1993) and in Erwinia amylovora (Beer et al. 1993). The 
alternative sigma factor HrpL of E. amylovora controls expression of hrp loci, and its 
expression is affected by hrpS (Wei and Beer 1995). E. stewartii has a transcriptional 
regulator, WtsA, with 52% identity to HrpS of P. s. pv. phaseolicola. The hrpS gene, how- 
ever, does not functionally complement a wtsA mutant (Frederick et al. 1993). 

These observations prompted a search for conserved promoter elements 
that are recognized by the putative HrpL sigma factor. In P. s. pv. 
phaseolicola a "harp" box consensus sequence [TG(A/C)AANC; Fellay et 
al. 1991], has been proposed to function in hrp gene regulation. Similar 
sequence motifs were identified in the promoter regions of several P. 
syringae avirulence genes depending of hrpRS and on rpoN for expres- 
sion (Huynh et al. 1989; Innes et al. 1993; Salmeron and Staskawicz 1993; 
Shen and Keen 1993). These studies resulted in a revised "harp" box se- 
quence (GGAACCNA) and demonstrated the existence of a single con- 
served HrpL-dependent promoter controlling the expression of hrp and 
avr genes. 

A "harp" box-related motif was also found upstream of transcription unit 3 in P. solana- 
cearum (Gough et al. 1993). While the "harp" box is missing in X. c. pv. vesicatoriay an- 
other sequence motif in the hrp gene promoter regions was recently identified. This PIP 
(plant- inducible promoter) box with the sequence TTCGC-N15-TTCGC occurs upstream 
of the -35 consensus sequence in four out of six hrp promoters (Fenselau and Bonas 
1995). 

Collmer and Bauer (1994) proposed a working model for the function of 
the hrp genes in pathogenesis: the expression of hrp genes is stimulated 
under nutritional stress as present when bacteria invade a host plant. 
Therefore, harpins may play an important role in the initial parasitic 
interaction of many Gram- negative plant pathogens, causing a rise in pH 
in the apoplastic fluids, accompanied by a release of sucrose. A higher 
apoplastic pH and the elevated sucrose concentration may favor bacte- 
rial propagation and may also enhance the activity of the bacterial 
exoenzymes. Alkalinization of the medium of suspension-cultured plant 
cells by harpins has been demonstrated (Wei et al. 1992) and it was 
shown that raising the pH of intercellular fluids in bean leaves can re- 
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Store the ability of a P. s, pv. syringae hrp mutant to multiply (Atkinson 
and Baker 1987b). 



5. Outlook 

In toxin- and phytohormone-producing plant pathogenic bacteria, ge- 
netic analysis has identified the genes required for biosynthesis of these 
compounds and also provided preliminary information on the regula- 
tion of these genes; but, most importantly, mutants obtained by trans- 
poson mutagenesis have confirmed that toxins and phytohormones are 
essential factors for the development of the specific disease caused by 
the bacteria mentioned in this context. 

Information more important for the general understanding of the 
pathogenic microbe-plant interaction will be provided in the future by 
the study of the molecular function of the hrp gene products. Especially 
it is to be expected that new insights into the early interactions which 
decide whether a bacterium can successfully infect and colonize the host 
plant and which determines the host range of a pathogen will be gained 
here. Of cause at present these studies are confined to Gram-negative 
bacteria, where all necessary genetic tools are available. However, recent 
progress in the establishment of cloning vectors for a number of Gram- 
positive plant pathogens will induce investigations of hrp genes in this 
group of bacteria. 
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VII. Biotechnology with Plants - an Overview 

By Frank Kempken 



1. Introduction 

The ability to introduce foreign DNA into higher plants was a tremen- 
dous success in plant molecular biology and has been shown to be an 
important prerequisite to a new area of research, i.e., plant biotechnol- 
ogy. Traditionally, biotechnology was mostly limited to unicellular or- 
ganisms, such as bacteria, yeast, and filamentous fungi. However, bio- 
technology with plants has many potential applications (recent reviews: 
Conrad and Fiedler 1994; Vasil 1994; Krautwig and Lorz 1995; Poirier et 
al. 1995; Topfer et al. 1995; Willmitzer 1995), including increased resis- 
tance to pathogens, increased yield of crops, isolation of drugs, or even 
the production of antibodies. Major achievements in the past years are 



Table 1. Achievements in plant biotechnology (After Leemans 1993) 



1983 


Selectable marker gene for plants 

Agrobacterium tumefaciens - mediated transformation 


1986 


Coat protein mediated- virus resistance 


1987 


Herbicide resistance 
Insect resistance 
Particle gun 


1988 


Antisense in plants 
Rice transformation 
Ripening control in tomato 


1989 


Antibodies in higher plants 


1990 


Introduction of male sterility 
Maize transformation 




RAPD analysis 


1992 


Modified carbohydrate composition 
Wheat transformation 




Improved alkaloid production 


1995 


First US approvals for commercialization of transgenic products* 



“ quoted from Dixon (1996); other refs cited in main text. 
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shown in Table 1. This chapter presents a brief overview about the tech- 
niques and recent improvements in plant biotechnology. 



2. Methods for Gene Transfer and Egression of Foreign DNA 
in Higher Plants 

The first successful transformation of a higher plant was reported from 
tobacco (Fraley et al. 1983; Zymbryski et al. 1983). Since then, numerous 
higher plants have been transformed (see Table 2). Many different tech- 
niques and protocols were developed for transformation (see Potrykus 
1991), but three techniques are most commonly used, i.e., Agrobacte- 
rium-mediated gene transfer, the direct transfer of genetic information 
in protoplasts, and the biolistic or particle gun approach. 



a) Agrobacterium-mediated Transformation 

The above-mentioned transformation of tobacco was performed with 
the aid of Agrobacterium tumefaciens, and this technique has been used 
to generate most recombinant plants to date. Agrobacterium tumefaciens 
is the causal agent of crown gall disease and produces tumorous crown 
galls on infected species. Virulent strains contain large Ti (tumor- 
inducing) plasmids, which are responsible for gene transfer and tumor 
induction. The Ti plasmids contain a region of DNA (the T-DNA), which 



Table 2. Examples of transgenic crops (After Gasser and Fraley 1989; Krautwig and Lorz 
1995) 



Fruits 


Vegetables 


Cereals 


Ornamentals 


Woods 


Other Crops 


Apple 


Asparagus 


Barley 


Chrysanthemum 


Poplar 


Alfalfa 


Banana* 


Aubergine 


Maize 


Geranium^ 


Spruce 


Cotton 


Grape 


Bean 


Millet 


Gerbera" 




Flax 


Kiwi 


Broccoli 


Rice 


Morning Glory 




Oilseed rape 


Plum 


Carrot 


Rye 


Petunia 




Pepper 


Raspberry 


Cauliflower 


Wheat 


Rose‘s 




Sugarbeet 


Strawberry 


Cucumber 

Horseradish 

Pea 

Potato 

Tomato 








Sugarcane 

Sunflower 

Tobacco 



Additional crops added: ' Sdgi et al. (1995); *’ Pellegrineschi et al. (1994); ‘ Elomaa et al. 
(1993); Firoozabady et al. (1994). 
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is actually transferred in the plant and integrates into the genomic DNA. 
The usefulness of this system for plant genetic engineering is based on 
the fact that heterologous DNA can be introduced into the T-DNA re- 
gion and thus transferred into a plant (reviewed in Gasser and Fraley 
1989; Protrykus 1991). While this technique is particularly useful with 
dicot species, it is known that it is less efficient with monocots (e.g., 
Hooykaas-VanSlogteren et al. 1984; Bytebier et al. 1987; Schafer et al. 
1987), and extremely difficult with cereals, although some reports of 
successful transformation exist (e.g., Hess et al. 1990; Raineri et al. 1990; 
Chan et al. 1993). Apparently, this technique works only in those plants 
that exhibit a proper wound response (Protrykus 1991). 



b) Transformation of Protoplasts 

Protoplasts of plant cells can be easily obtained by enzymatic digestion 
of the cell wall. Protoplasts are ideal suited for uptake of DNA in the 
presence of polyethylene glycol or by electroporation (Shillito et al. 1985; 
Fromm et al. 1986). However, regeneration of plants from protoplasts is 
often extremely difficult, and no general protocol therefore is known, 
but has to be determined empirically from case to case. Nevertheless, 
regeneration of transformed protoplast was successfully achieved for a 
number of plants (see Roest and Gilissen 1989), including maize (e.g., 
Rhodes et al. 1988; Sukhapinda et al. 1993) and rice (Gupta and Pat- 
tanayak 1993). 



c) Biolistic Transformation 

The introduction of the particle gun or high-velocity microprojectile 
technology was a very significant development for plant transformation. 
DNA is targeted through the cell wall and into intact cells or tissues on 
small metal particles (0.5-5 |Xm) which are accelerated to very high 
speed. The technique was developed by Sanford and coworkers (Sanford 
et al. 1987). A detailed description is provided by Klein et al. (1992). This 
procedure is particularly useful to target transformation in a particular 
tissue and for cereals, which are difficult to transform with other tech- 
niques. Usually, immature embryos from cereals are the target, since 
regeneration of plants from immature embryos is possible (Vasil 1988). 
Transgenic barley (Wan and Lemaux 1994), corn (Fromm et al. 1986, 
Gordon-Kamm et al. 1990; Koziel et al. 1993; Murray et al. 1993), sor- 
ghum (Cassas et al. 1993), rice (Christou et al. 1991; Li et al. 1993), rye 
(cited in Vasil 1994), and wheat (Vasil et al. 1992, 1993; Weeks et al. 
1993; Becker et al. 1994; Nehra et al. 1994) were obtained with this 
method. 
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In addition, a number of other techniques have been used for transfor- 
mation, including direct electroporation of cells (D'Halluin et al. 1992), 
incubation of DNA with dry seeds, and others (reviewed in Potrykus 
1991). Cell- and tissue-specific gene expression is possible by the use of 
organ- or tissue-specific promoters (review Edwards and Coruzzi 1990), 
which may be isolated by the use of reporter genes. This is an important 
achievement with respect to plant biotechnology. The use of a trichome- 
specific promoter (Herman and Marks 1989), for instance, could be used 
to express a pesticide, since trichome cells are involved in protection 
against preying insects (Fox 1988). The use of proper leader sequences 
makes it possible to direct translation products into particular organelles 
(e.g., chloroplasts, Zoubenko et al. 1994) or into the secretory pathway 
(Chrispeels 1991). 



e) Unsolved Issues 

Although the production of transgenic plants if a fast becoming routine, 
at least for some crops, some problems remain. The level of expression 
of transformed genes is unpredictable and may vary between individual 
transformants. This could be caused by differences in copy number (e.g., 
Hobbs et al. 1990) or integration site (Prols and Meyer 1992). An ever- 
larger problem arises from the loss of transgene expression caused by 
transgene inactivation (reviewed by Finnegan and McElroy 1994). 
Transgene inactivation was reported for single transgenes (e.g., Linn et 
al. 1990) and for independent transgenes in the same plant. Cross- 
breeding of transgenic plants may result in the inactivation of one or 
more of the transformed genes (e.g., Matzke et al. 1989). This phenomen 
is called trans-inactivation. Cosuppression describes the inactivation of 
transformed additional copies of an endogenous gene. Ultimatively, not 
only the introduced, but also the endogenous genes are silenced (e.g., 
Napoli et al. 1990). It is unknown how cells recognize transgenes and 
subsequently inactivate them; however, some strategies are proposed to 
circumvent transgene silencing. This includes the selection for single- 
copy transgene insertion or the development of site-specific recombina- 
tion systems (see Finnegan and McElroy 1994). 

The second issue to be discussed here is the elimination of selectable 
marker sequences from transgenic plants. The assessment of risks posed 
by selectable maker genes to the consumer of transgenic plants has been 
intensively studied, but was mainly focused on only one marker, i.e., 
neomycin phosphotransferase. This marker is commonly used, e.g., is 
present in Calgen's Flavr Savr tomatoes (Redenbaugh et al. 1992). Al- 
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though there is no reason to restrict the use of this or other selectable 
markers (see Yoder and Goldsbrough 1994), it may be desirable to re- 
move the selectable marker from transgenic plants. This may serve to 
increase consumer acceptance of transgenic plants. 

A number of techniques are available which may help to remove 
marker sequences from transgenic plants (reviewed by Yoder and 
Goldsbrough 1994). These include cotransformation, site-specific re- 
combination, targeted gene replacement, or the use of transposable ele- 
ments, which could reposition transgenes for subsequent elimination 
(e.g., Goldsbrough et al. 1993). Unfortunately, the most promising ap- 
proaches, such as targeted gene replacement, are very inefficient in 
higher plants (Pazkowski et al. 1988; Halfter et al. 1992). 



3. Improvements in Agriculture 
a) Enhancing Plant Resistance 

Genetic engineering has led to promising improvements in the protec- 
tion of crops against pathogens. This includes bacterial fungal, insect, 
and viral pathogens. In this chapter, some of the most significant 
achievements will be presented. Strategies against viral pathogens are 
among the most thoroughly tested and therefore will be discussed first. 
The prospect for intervention in virus disease development dates back to 
1929, when for the first time it was shown that prior inoctilation of to- 
bacco with a mild infectious tobacco mosaic virus (TMV) could prevent 
infection with severe strains (references see Scholthof et al. 1993). San- 
ford and Johnson (1985) later proposed that expression of viral proteins 
in a host would disrupt the normal balance of viral propagation, and 
thus may lead to protection of a crop against the virus. Experimental 
proof came in 1986, when Beachy and coworkers demonstrated some 
protection against viral infection in transgenic tobacco, which expressed 
a TMV coat protein (references see Beachy et al. 1990). This approach is 
now known as CPMP (coat protein-mediated protection) and has been 
shown to be effective against several viruses in many plant species 
(review see Wilson 1993; Scholthof et al. 1993; other references Kunik et 
al. 1994; Reavy et al. 1995). However, the accumulation of large amounts 
of coat protein is not necessarily correlated with the most effective cross- 
protection, which in any case operates well against closely related virus 
strains only (e.g., van Dun and Bol 1988). A number of field evaluations 
have been performed with transgenic plants expressing coat proteins 
(e.g., transgenic squash, Tricoli et al. 1995; other references see Wilson 
1993). Another successful strategy was the use of a nonstructural viral 
protein (Golemboski et al. 1990). Expression of a 54-kDa polypeptide 
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which represents part of the viral replicase enzyme led to high resistance 
to the TMV virus. The same approach may also be useful against ds or 
ssDNA viruses. Other strategies include antisense RNA (e.g., Pang et al. 

1993) , the use of antibodies (Tavladorake et al. 1993) or even the ex- 
pression of mammalian interferon-induced antiviral gene products 
(Truve et al. 1993). 

Resistance to fungal pathogens is another target for genetic crop im- 
provement. Transgenic tobacco coexpressing chitinase and glucane 
genes exhibit an enhanced protection against fungal attack (Zhu et al. 

1994) . Similarly, Jach et al. (1995) demonstrated the expression of anti- 
fungal proteins from barley in transgenic tobacco. Disease resistance 
caused by expression of foreign phytoalexin (from grapevine) was also 
shown in transgenic tobacco (Hain et al. 1993). The expression of a bar 
gene in transgenic rice results in herbicide resistance (see below) and 
was shown to prevent infection by the fungus Rhizoctania solani, the 
ethiological agent of sheath blight (Uchimiya et al. 1993). These exam- 
ples demonstrate that a growing number of strategies are being devel- 
oped. This area of research appears to open tremendous future perspec- 
tives. 

Gene transfer into crop plants to impart insect resistance is another 
promising approach. Bacillus thuringiensis (Bt) genes, which encode 
insect-toxic proteins have been introduced in plants such as tomatoes or 
cotton and successfully field-tested (Augustine et al. 1989; Wilson et al. 
1992). Another strategy is based on the expression of an a-amylase in- 
hibitor in common bean. These plants became resistant to burchid bee- 
tles (Shade et al. 1994). Protection against preying insects can also be 
achieved by expression of a pesticide in trichome cells (Herman and 
Marks 1989). 



b) Herbicide Resistance 

Artificially introduced herbicide resistance in crops is another im- 
provement in agriculture, even though strongly criticized by environ- 
mentalist groups. Today, the use of herbicides is common practice and 
often several herbicides are used simultaneously. Herbicide-resistant 
crops will allow reduction of the use of herbicides with respect to 
amount and brands used. The technique is based on transfer of a chi- 
meric bar gene into plants. The gene confers resistance against com- 
mercially available herbicides (e.g., Basta) containing phosphinotrhicin 
(PPT), and was successfully transformed in a number of plants including 
rice (Datta et al. 1992; Rathore et al. 1993), turfgrass (Hartman et al. 
1994), or wheat (Becker et al. 1994). 




434 



Genetics 



c) Transgenic Male Sterile Plants 

Sale of hybrid corn is a multi-million-doUar business, as farmers prefer 
to plant seed from the cross of two parent lines that will give high- 
yielding F, plants. Such hybrid vigor, or heterosis, is also important for 
many other crops (e.g., tomato or sunflower). An important point is to 
avoid self-fertilization of the parental lines. In some cases, a genetically 
determined system of pollen sterility makes it possible to produce hy- 
brid seed, but for some crops, hand emasculation of the female line is 
necessary, making seed production expensive. Artificial systems to in- 
troduce male sterility in higher plants are therefore desired. One ap- 
proach is the use of ribonuclease activity to abort normal pollen func- 
tion. The ribonucleases may be chimeric genes (Mariani et al. 1990) or of 
natural origin (McClure et al. 1990) and fused to tapetum-specific pro- 
motors. Expression of these genes selectively destroys the tapetum dur- 
ing anther development, prevents pollen development, and leads to the 
production of male sterile plants. However, in crops like tomato, wheat, 
or maize, where fruit is the harvested product, it will be necessary to 
restore full male fertility. This could be achieved by an antisense ap- 
proach or the expression of specific RNAse inhibitors (Mariani et al. 
1990). Recently, the production of male sterile plants was suggested 
based upon targeting unedited ATP9 proteins into mitochondria (Araya 
et al. 1995). 



4. Production of New of Modified Carbohydrates 
a) Lipids and Starch 

For a number of reasons, crops with changed or modified fatty acid 
composition are desirable, e.g., with better nutrition value of certain 
fatty acids, or fatty acids which could be used as raw materials for indus- 
trial use. Crop plants with modified fatty acid compositions are unat- 
tainable by plant breeding alone. A number of challenges exist, which 
are currently approached by the use of genetically engineered plants. 
This includes modification of fatty acid desaturation, fatty acid hydroxy- 
lation, termination of fatty acid chain length, and elongation of fatty 
acids. An excellent review about this topic was published recently 
(Topfer et al. 1995). 

Another storage substance provided by plants is starch. Since starch 
can be isolated easily from a number of crop plants, including maize and 
potato, starch production may be modified in transgenic plants. By 
overproduction of ADP glucose pyrophosphorylase, a key enzyme of the 
starch biosynthesis, a 20% increase in starch production was possible 
(Stark et al. 1992). By introduction of a chimeric ADP glucose pyro- 
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phosphorylase gene into potato, sucrose was produced at the expense of 
a greatly reduced starch production (Miiller-Rober et al, 1992). These 
examples clearly show the potential provided by starch modification. 



b) Biodegradable Plastics 

Growing environmental awareness has called for biodegradable plastics. 
Substances such as polyhydroxybutyrate (PHB) are now commercially 
available (Lindsay 1992). Among the various degradable plastics is the 
group of polyhydroxyalkanonates (PHAs), which so far are produced by 
fermentation of certain bacteria (Holmes 1988). The production of bio- 
degradable plastics in plants on an agricultural scale could possibly 
lower costs and, in the long term, make it even competitive to petro- 
leum-derived plastics (Poirier et al, 1995). In a first attempt, PHB biosyn- 
thetic genes of the bacterium Alcaligenes eutrophus were transformed 
and expressed in Arabidopsis thaliana (Poirier et al. 1992). Redirection 
of the PHB biosynthetic pathway from the cytoplasm to the plastids, by 
the use of proper targeting signals led to a 100-fold increase in PHB pro- 
duction (lOmg/g fresh weight in presenescing leaves; Nawrath et al. 
1994). 



5. Production of Alkaloids - Medical Plants 

Alkaloids have tremendous medical and pharmacological relevance. So 
far, more than 10 000 different alkaloids have been isolated and their 
structures elucidated (Southon and Buckingham 1989). About 13 000 
plant species are known to have been used as drugs (Tyler 1994). In 
addition, alkaloids are used as stimulants, e.g,, caffeine or nicotine. Un- 
fortunately, little is known about how alkaloids are synthesized and even 
less about the regulation of this process. The current knowledge of alka- 
loid biosynthesis was recently summarized in a review (Kutchan 1995). 
Consequently, alkaloid production in transgenic plants as a field in plant 
biotechnology has only started to emerge. Nevertheless, an interesting 
piece of work is mentioned below, because of its future potential: the 
tropane alkaloid scopolamine is a medicinally important anticholinergic 
drug present in some solanaceous plants, e.g., Atropa belladonna. Sco- 
polamine is formed from hyoscymine. The reaction is catalyzed by hyo- 
scyamine 6 p -hydroxylase. Yun and coworkers (1992) introduced and 
overexpressed the hyoscyamine 6 P -hydroxylase gene from Hyoscyamus 
niger in Atropa belladonna. As a result, the alkaloid content in trans- 
genic plants was almost exclusively scopolamine. Further studies on 
alkaloid biosynthesis will almost certainly stimulate transgenic ap- 
proaches. 
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6. Antibodies in Higher Plants 

The concept of producing antibodies in higher plants is comparatively 
new (review Conrad and Fiedler 1994), but its future prospectives are 
tremendous. This includes: 

1. The potential to specifically block certain regulation factors on the 
molecular level. 

2. The possibility of engineering pathogen-specific antibodies, which 
would allow a complete new approach in the prevention of plant dis- 
eases (see Sect. 3.a). 

3. Plants may be transformed into antibody- or vaccine-producing fac- 
tories, which could drastically reduce the use of animals for that pur- 
pose. 

This new and exciting concept has been made possible by the ability to 
modify antibodies (Glaser et al. 1992) and the use of phage display li- 
braries (e.g., Clackson et al. 1991). The first single-chain Fv antibodies 
were produced in transgenic tobacco (Owen et al. 1992; Tavladoraki et 
al. 1993). Since then, expression of complete antibodies has been dem- 
onstrated (IgGl, IgM, IgGl/IgA chimeric antibodies. Fab fragments; 
references see Conrad and Fiedler 1994). Functional complete antibodies 
may be assembled if the immunoglobin chains are fused to signal se- 
quences which direct them to the secretory pathway (e.g., De Neve et al. 
1993; Ma et al. 1994). Problems still exist regarding the amount of pro- 
tein synthesized and intracellular localization of the antibodies. How- 
ever, recent studies indicate the use of this new technique for medical 
and pharmaceutical use. This was demonstrated by expression of a 
monoclonal antibody against a dental caries causing bacterium in to- 
bacco (Ma et al. 1994). The expression of malarial epitopes on the sur- 
face of recombinant tobacco mosaic virus in tobacco (Turpen et al. 1995) 
extend this view further. In a commentary article in Science (Moft 1995), 
future prospectives discussed include the use of genetically engineered 
plants as a source for vaccines in human and animal therapy. 



7. Current Use of Genetically Engineered Plants and Future 
Aspects 

An increasing number of field trails with transgenic plants has been and 
will be performed. In 1986, only five such experiments were performed, 
120 in 1990, and 332 in 1993 (Ahl Goy and Duesing 1995). These trials 
were performed with 38 different plant species and about 200 different 
genetically engineered traits. The numbers for some of the most impor- 
tant crops are shown in Table 3. The Flavr Savr tomato is available for 
sale now, but what does the future hold for transgenic plants? One con- 
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Table 3. Field trials with transgenic plants (1986-1993) (After Ahl Goy and Duesing 1995) 



Trait 


Number of field trials with: 
Maize Oilseed rape 


Potato 


Tomato 


Bacterial resistance 


- 


1 


9 


- 


Fungal resistance 


2 


5 


9 


- 


Herbicide resistance 


54 


94 


16 


21 


Insect resistance 


24 


3 


34 


16 


Quality improvement 


15 


57 


32 


39 


Virus resistance 


10 


2 


60 


20 



cern is public nonacceptance, which is caused in part by a lack of com- 
munication between scientists and the public. This problem may be 
eased with time, when new products with improved quality are available. 
In the past decade, several prototype recombinant products were pro- 
duced. In the next decade, these prototypes have to be developed into 
commercial products. However, most of the potential new products dis- 
cussed above need to be produced at prices lower than standard or clas- 
sic production costs to make these plant products competitive on the 
market. If this can be achieved, the next industrial revolution will be a 
"green" one. 
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VIII. Genetics of Grapevine Breeding 

By G. Alleweldt 



1. Introduction 

The European grapevine, Vitis vinifera, is a woody perennial, climbing 
by tendrils. It is easy to propagate by cutting segments of mature canes 
and was domesticated 7 to 8 thousand years ago somewhere in Middle 
Asia. From this ancestral centre, viticulture spread around the Mediter- 
ranean Basin and later, with emigrants, throughout the world. 

The process of domestification was undoubtedly accelerated by the 
wide genetic diversity of V. vinifera, and its edible and palatable fruit, 
which is very juicy and rich in sugar. As a cultivated plant, which needs 
support and has to be pruned to a manageable form, grapes are used to 
produce either fresh fruit, juice, or - after processing - raisins or wine. 
The easiness of asexual propagation and the genetic variability of its 
morphological characters gave rise to an immense number of ciiltivars, 
estimated at more than 8 to 10 000 (Alleweldt 1988). 

Vineyards occupy nowadays more than 9 million hectares in slightly 
more than 60 countries with a declining tendency, which, however, is 
compensated by an increase in productivity per area unit. The increas- 
ing productivity, still continuing, is a result of management improve- 
ment, selection of cultivars more adapted to the requisites of modern 
viticulture, intensive plant protection by the development of very effec- 
tive chemicals, propagation of virus-free material, and by the introduc- 
tion of newly bred cultivars. 

The ecological requirements of V. vinifera exclude its cultivation 
north of the 50th degree of latitude and in the hot and humid regions of 
the tropics and subtropics, where the absence of seasonal alterations of 
photoperiodism and continuous high temperatures lead to a rapid se- 
quence of growing periods, which cause considerable difficulties in 
managing a vineyard and need an intensive spraying schedule. Other 
stress factors which limit the extension of viticulture are severe winter 
frost, as in Central Europe, Russia and North America, and iron defi- 
ciency in soils rich in lime, salinity and drought. 

These problems can be solved either by "avoidance" or by the selec- 
tion of stress-tolerant cultivars. An example of avoiding severe cold 
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temperatures in winter is to bury grapevines in furrows, e.g., in Central 
Turkey, Russia, Afghanistan, China, etc. Another example is the selec- 
tion of grapevines adapted to the monsoon regions of India, which ripen 
prior to the permanent period of rainfall. 

Clonal selection and the improvement of vineyard managment, now 
dominated by the principles of a sustainable viticulture, resulted in the 
maintenance of traditional varieties with a high crop potential. The mo- 
tivation to improve the existing cultivars by hybridization was and still is 
high susceptibility of V. vinifera cultivars to insects, pests and diseases. 
For these reasons, settlers in North America started to domesticate na- 
tive vines, e.g., V. labrusca, or, in the southern states, V. rotundifolia, 
V. lincecumii or V. aestivalis. These species have been selected during 
the last 200 years and hybridized with important V. vinifera cultivars to 
improve berry quality (Hedrick 1908). These new cultivars became well 
known as American hybrids. 

The second impulse to develop new cultivars was induced by the ca- 
tastrophe caused by phylloxera, a root aphid, and by downy mildew, 
which befell Europe's vineyards in the middle of the last century and 
within a few years devastated thousands of hectares of a once flourishing 
viticulture. Both scourges were imported from America, where they ex- 
isted as natural symbionts on tolerant native vines. Whereas the fungus 
diseases imported from America - powdery mildew in 1845 and downy 
mildew in 1878 - could be controlled chemically very soon after their 
first appearance in Europe's vineyards, phylloxera withstood all attempts 
at chemical control. Hence, the French government initiated a massive 
improvement programme to develop new cultivars resistant or tolerant 
to phylloxera and to both mildews, which could be used to produce wine 
or as rootstocks to which traditional varieties could be grafted. The first 
step was the import of American hybrids, followed by an intensive ex- 
ploration of the native species in America to discover the best sources of 
resistance against phylloxera and powdery and downy mildew. Selec- 
tions of berlandieri, V. riparia and V. rupestris proved to be most 
useful. They were immediately used as rootstocks and as genetic re- 
sources for hybridization. 

The introduction of American hybrids and the rapid improvement of 
rootstocks by selection and hybridization led to a continuous recovery of 
ruined vineyards in France and in other European countries. The 
worldwide use of phylloxera-tolerant rootstocks is the first example of a 
biological control of a very destructive insect and is still the basis of 
sustainable viticulture. On the other hand, grafting altered the self- 
rooting viticulture basically into a two-individual viticulture with an 
intact germplasm of V. vinifera as scions, which, however, have to be 
intensively protected with chemicals. 

Many breeders in France and Italy, later in other European countries, 
continued to breed new vines that would combine resistance to phyllox- 
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era and fungus diseases with fruit of good wine quality. These cultivars 
are known as direct producers or French hybrids. A few of them pro- 
duced wine of passable quality. They became valuable resources for 
further vine improvement. 

Two main reasons caused a planting restriction or prohibition of 
American and French hybrids in Europe in the middle of this century: 
the development of very effective plant protectants against fungus dis- 
eases - spraying was soon regarded as a normal procedure - and the 
inferior wine quality compared to that of vinifera cultivars. However, 
the problems caused in viticulture by residues renewed the idea of 
breeding new vines with a combination of disease resistance and a high 
wine quality. These programmes are supported by the challenge to mod- 
ern viticulture to protect or restore the environment by reducing or 
eliminating the use of agrochemicals and by introducing the principles 
of a sustainable viticulture. 



2. Vifis Germplasm 
a) Wild Species 

The genus Vitis is divided into two subgenera: Euvitis, characterized by 
38 somatic chromosomes and Muscadinia with 40 somatic chromo- 
somes. Some authors (e.g., Olmo 1986) recognize Muscadinia as a sepa- 
rate genus. Patil and Olmo (1955) suggested a basic chromosome num- 
ber in Vitis of 5, 6 and 7, involving three sets of combination: 13 + 7 in 
Muscadinia and 13 + 6 in all Euvitis species. A recent investigation of 
Vitis karyotype, however, gave no evidence of this hypothesis. The 
chromosomes of Vitis are very small. The length varies between 0.6 to 
2.7 |0.m with median located centromers and a not very pronounced 
banding. Using the technique of fluorescent in situ hybridization with 
two different probes, one pair of satellite chromosomes were found in 
V. vinifera (cv. Bacchus), whereas two pairs of satellite chromosomes 
were detected in V. rotundifolia (subgenera Muscadinia). This and fur- 
ther observations led the authors (Haas and Alleweldt 1995; Haas 1996) 
to the hypothesis that the genome of the subgenus Euvitis derived dur- 
ing evolution from Muscadinia by a translocation of one chromosome 
(number 3) and the loss of one satellite (chromosome number 16). As 
soon as more probes are developed which hybridize readily with the 
chromosomes of Vitis, this hypothesis of the Vitis genome will certainly 
be verified. 

The present distribution of Vitis is concentrated in three gene centres 
(Fig. 1), as described by Vavilov (1926): 
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Fig. 1. Present distribution of the genus Vitis 



- Southern Europe, Middle East to Afghanistan 

- East Asia 

- North and Central America 

A thorough compilation revealed the existence of 65 Vitis species, which 
are considered to be genuine, and slightly more than 40 species, which 
are considered to be questionable (Alleweldt et al. 1991). All Vitis species 
are dioecious with either functional male or female flowers. The sexual 
type is determined by three alleles. In natural populations, males and 
females occur in equal numbers; occasionally, vines with hermaphrodite 
flowers appear. These had been selected during domestication, also 
some female vines, which, however, need cross-pollination to be fertile. 
Female vines are often used in breeding to eliminate the need of emascu- 
lation. 

The dioecious nature of Vitis favoured natural hybridization between 
all species within each subgenera, but the crossing barrier between Eu- 
vitis and Muscadinia remained throughout evolution. The intrinsic 
variation and hybridization among all Euvitis and Muscadinia species 
may account for the taxonomic difficulties of native grapes in all gene 
centres. A thorough synopsis on genetic variation of Vitis is still lacking, 
and all efforts to evaluate important traits for breeding purposes present 
an incomplete account of the existing variability. Furthermore, the great 
genetic potential of the Muscadinia species, particularly V. rotundifolia, 
as donors for resistance to a wide range of insects, pests and diseases 
remains, with a very few exceptions, unused (Olmo 1971). 
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Gene and genome mutations have often been described within 
V. vinifera. The most important gene mutation is the colour of the berry 
skin from green to red and vice versa, which led to cultivar families, e.g., 
Pinot, Chasselas, etc. The occurrence of spontaneous gene mutations has 
inspired breeders to induce somatic mutations by radiation or by appli- 
cation of mutagenic chemicals (Avramov and Jelenkovic 1961; Coutinho 
1972). As all the induced mutations lead to chimeras, which are later lost 
by the inadequate separation of mutated and unmutated tissue, it is not 
surprising that these efforts failed to improve existing cultivars. 

Genome mutations occur spontaneously. Vines with larger berries 
and leaves have been proven to be tetraploid. Of the many tetraploids 
found and maintained in living collections, there are only a few of com- 
mercial value, e.g., Kyoho, which is used as a table grape in Japan. Even 
the successful induction of tetraploids by colchicine did not exceed the 
economic capacity of their diploid origins. On the other hand, intermat- 
ing at the tetraploid level, a wide segregation not only for fertility has 
been observed, and the cultivar Kyoho originated from hybridizing 
tetraploid parents (Alleweldt and Possingham 1988). 

Cytological investigations proved the existence of tetraploid chime- 
ras, mostly 2x-4x. 

A further increase in polyploidization leads to lethality. Crossings 
between tetraploid and diploid vines lead to triploid forms, which are 
sterile and very vigorous. Their possible potential as rootstocks has not 
yet been evaluated. 

Haploid vines are, undoubtedly, important for genetic studies and 
breeding. All efforts to create haploid vines either by selection of 
polyembryogenic seeds or by anther or pollen culture, respectively, were 
not yet successful, although some authors reported the existence of 
haploid vines (O. Bauer 1995, pers. comm.). 



3. Genetic Variability 
a) Abiotic Stress Tolerance 

Several abiotic stress factors are controlled by cultural techniques with 
or without a prior selection of stress-tolerant cultivars. Among the stress 
factors usually controlled by culture techniques are hail, wind, spring 
freeze, excess water and heat. Other problems, for instance the inhibition 
of basal buds under subtropical and tropical conditions, can be solved 
either by selecting vines with a very low cold requirement to break dor- 
mancy (Fennell 1948), by altering the pruning system from long canes to 
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Table 1. Germplasm for tolerance or resistance to abiotic stress factors 



Stress factor 


Genetic resources 


Winter hardiness 


V. viniferuy V. riparia, V. amurensis 


Drought tolerance 


V. rupestiSy V. vinifera 


Chlorosis 


V. viniferay V. berlandieri 


Salinity 


V. berlandieriy V. champini 



short spurs, or by application of chemicals (e.g., Dormex, Rieder and 
Gehrmann 1992). Some cultivars are extremely sensitive to air pollut- 
ants, e.g., sulphur dioxide, heavy metals, industrial gases; others are 
moderately tolerant. Selection of tolerant cultivars, accompanied by 
suitable cultural factors (e.g., nutrition) is generally sufficient to solve 
the problems. 

Among the most destructive factors in viticulture which are amenable 
to genetic control are winter cold, drought and high soil contents of lime 
and salt. Sufficient genetic resources are available to counter these 
problems (Table 1). 



a) Winter Hardiness 

The genetic variability for winter hardiness within V. vinifera is ex- 
hausted at about -20 to -22 °C. Some American species withstand tem- 
peratures of -25 to -28 °C. The highest score of winter hardiness is 
found within the Asiatic species V. amurensis, which can endure winter 
temperatures as low as -30 to -40 °C. V. amurensis, however, adapted to 
continental climatic conditions, lost winter hardiness very rapidly when 
planted under variable winter temperatures often interrupted by short 
intervals of warm temperatures. Therefore, winter hardiness of 
V. amurensis has to be combined with high temperature requirements 
for bud burst. 



p) Drought Tolerance 

V. vinifera belongs to the most drought-tolerant plant species cultivated. 
Nevertheless, an improvement of drought tolerance in regard to eco- 
nomic yield and quality requirements is a substantial breeding goal in all 
regions where irrigation is either impossible or restricted by legislation, 
e.g., within the European Community. 

The most important genetic resource for breeding drought-tolerant 
rootstocks is V. rupestris, and for scion varieties V. vinifera. 
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Both rootstocks and scions possess physiological mechanisms to tolerate 
iron deficiency induced by a high lime content of the soil. Combining 
tolerance with chlorosis in rootstocks and in scion cultivars enables suc- 
cessful grapevine management on soils rich in lime. Genetic resource of 
tolerance to chlorosis is present in V. vinifera and V. berlandieri. 



6) Salt Tolerance 

A salt-excluding mechanism in roots of V. berlandieri and V. champini 
was first detected by Antcliff et al. (1983). A breeding programme was 
initiated in Australia to develop salt- tolerant rootstocks (Sykes 1992; 
Walker 1994). Another approach to solving the problem of salinity is the 
selection of somaclonal genotypes via culture of in vitro plantlets in the 
presence of high levels of salt. So far, however, these efforts have not 
been successful, probably because a cell culture selection does not con- 
sider the complexity of salt tolerance of a whole plant (Lebrun et al. 
1985). 



b) Biotic Stress Resistance 

The invasion of the European vineyards by phylloxera stimulated the 
evaluation of Vitis germplasm for genes which determine resistance or 
tolerance to this aphid. These first explorations were soon supplemented 
to discover a wide range of genes which control resistance to pests and 
diseases. A brief survey of these results is compiled in Table 2. 

Genes for resistance to downy and powdery mildews are to be found 
in nearly all American species. Surprisingly, even some Asian species, 
particularly V. amurensis, possess resistance to downy mildew, although 
Plasmopara viticola is not an endemic fungus in this region. A transfer 
of these genes - the resistance and tolerance against both mildews is of 
polygenic nature - to V. vinifera cultivars has been carried out by many 
breeders successfully. 

Resistance to grey mould rot {Botrytis cinerea) is broadly distributed. 
A strong source of resistance is present in V. vinifera. Breeding for resis- 
tance to grey mould rot is of high priority in table grapes and raisin cul- 
tivars. In wine varieties, however, only a partial resistance is desirable to 
enable the occurrence of noble rot, which is a prerequisite for high- 
graded wines. It is interesting to note that stilbens are factors of resis- 
tance to Botrytis cinerea (Hoos and Blaich 1990) and, as one of the genes 
responsible for the production of resveratrol is isolated, a transfer to 
susceptible cultivars could be of interest. 
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Table 2. Germplasm for tolerance or resistance to pests and diseases 



Pest, disease 


Genetic resource 


Dactylosphaira vitifolii 
(Phylloxera) 


V. riparia Mich., V. rupestris Scheele, V. berlandieri PL, 

V. cinerea Engelm., V. champini PL, V, rotundifolia Mich. 


Meloido^ne spp. 
(Root-knot nematodes) 


V. champini PL, V. rotundifolia Mich. 


Xiphinema sp. 
(Dagger nematodes) 


V. rufotomentosa Small 


Agrobacterium tumefaciens 
(Crown gall) 


V. amurensis Rupr., V. labrusca Mich. 


Xylella fastidiosa 
(Pierce's disease) 


V. rotundifolia Mich., V. simpsoni Muns. 
V. shuttleworthii House 


Botrytis cinerea 
(Bunch rot) 


V. vinifera L., V. riparia Mich., V. rupestris Scheele, 
V. rotundifolia Mich. 


Elsinoe ampelina 
(Anthracnose) 


V. labrusca L., V. simpsoni Muns., V. champini PL, 
V. lincecumii Buckley, V. rotundifolia Mich. 


Guignardia bidwellii 
(Black rot) 


V. riparia Mich., V. candicans Engelm. V. rotundifolia 
Mich., V. cinerea Engelm. 


Phomopsis viticola 
(Cane and leaf spot) 


V. rotundifolia Mich. 


Physopella spp. 
(Rust) 


V. shuttleworthii House, V. simpsoni Muns., 
V. rotundifolia Mich. 


Plasmopara viticola 
(Downy mildew) 


V. riparia Mich., V. rupestris Scheele, V. lincecumii 
Buck!., V. labrusca Mich. V. amurensis Rupr., 

V. rotundifolia Mich. 


Pseudopezicula tracheiphila 
(Rotbrenner) 


V. vinifera L., V. cinerea Engelm. 


Uncinula necator 
(Powdery mildew) 


V. aestivalis Mich., V. cinerea Engelm., V. riparia 
Mich., V. berlandieri PL, V. amurensis Rupr., 

V. rotundifolia Mich. 



A bacterial disease of the grapevine, crown gall, is caused by Agrobac- 
terium tumefaciens, biovar III (= Agrobacterium vitis). This bacterium is 
the bearer of the Ti-plasmid, which is inserted into the host genome 
during the course of parthogenesis, and is also used to genetically engi- 
neer different plant species. Genes for resistance are present in 
V. amurensis and in the Hungarian hybrid Kunbarat (Szegedi et al. 1984; 
Heil 1990). 

A serious challenge in viticulture is the increasing loss of yield and 
quality caused by virus diseases. The most destructive virus diseases are 
transmitted by nematodes belonging to the genera Xiphinema and 
Longidorus. Genes for resistance, either to the nematode vector or to the 
virus diseases, are badly needed, but so far, only some degree of resis- 
tance to certain nematodes is known in V. rufotomentosa (Kunde et al. 
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1968) and in the interspecific cultivar Borner. Obviously more promising 
is the transfer of genes expressing the coat protein of certain virus dis- 
eases in rootstocks and V. vinifera cultivars. The first reports of a suc- 
cessful Agrobacterium-mediated genetic transformation of grapevines 
were published in 1990 by Mullins et al. (1990) and Baribault et al. 
(1990). They obtained transgenic plants of V. rupestris encoding 13- 
glucuronidase (GUS) and kanomycin resistance. Later, in 1994, Tor- 
regrosa et al. (1994) and Mauro et al. (1994), two French working groups, 
succeeded in the transformation of different rootstock and scion culti- 
vars with the coat protein of the grape fanleaf virus (GFLV) or the grape 
chrome mosaic virus (GCMV), respectively. In both cases, transgenic 
embryos were obtained and regenerated. The transgenic plants are now 
being tested under field conditions. These results evidenced the possi- 
bility of inserting viticulturally useful genes directly into the genomes of 
traditional cultivars, and thus may stimulate the time-consuming 
breeding of cultivars resistant to the most important pests and diseases 
without affecting their viticultural characteristics and wine quality of the 
cultivars concerned. 



4. Improvement of Grapevine Cultivars 

Grapevine breeding is subject to many technical problems, such as het- 
erozygosity, inbreeding depression, long generation times and polygenic 
inheritance of the most significant characters, such as yield, must and 
wine quality or resistance to abiotic and biotic stress factors, genotype- 
environment interactions and the lack of genetic markers. A further 
more or less emotionally determined feature of grapevine breeding is the 
maintenance of well-established traditional cultivars, which are firmly 
entrenched on the market, both by viticulturist and consumer. Thus, 
there is only a minor demand for new cultivars with unfamiliar names or 
wines with unfamiliar flavours. To be successful, new cultivars must 
produce vnnes which are indistinguishable from already existing culti- 
vars that they are designed to replace. 

The asexual propagation of vines and their selection throughout the 
centuries resulted in a vast abundance of cultivars. A recent survey 
showed the existence of approximately 14 000 cultivars which are de- 
scribed in literature, and most of them are maintained in living collec- 
tions (Alleweldt 1988). 

Negrul (1938) separated V. vinifera cultivars into three major groups: 
first, the orientalis group with large berries, large clusters and a high 
temperature requirement. These are mainly used as table grapes. Sec- 
ond, the occidentalis group with small berries, small clusters, with up to 
four clusters per shoot, winter-hardy and well adapted to mild summers. 
The fruit of this group is processed to wine. The most famous wine grape 
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cviltivars belong to this group, e.g., Riesling, Cabernet Sauvignon, Pinot 
noir, etc. Third, the pontica group, as intermediate between group one 
and two, are used either as table or wine grapes. 

The grapevine is highly heterozygous. Propagation by cutting main- 
tains its heterozygosity and thus the intensity of heterosis. The genetic 
stability of grapevines is very high, as some of the best-known cultivars 
have existed for many centuries. Asexual propagation leads to an accu- 
mulation of deleterious recessive genes. Selfing is thus a useless tool to 
obtain new cultivars, besides the fact that inbreeding leads to a more or 
less pronounced depression in vigour and yield. 

Clonal selection, especially when carried out in combination with vi- 
rus elimination, results in homogenous cultivars and can bring about 
significant increases in the average yields of old cultivars. The produc- 
tion of virus-free plant material has become not only one of the most 
important features of modern viticulture, but can also be an economic 
substitute for the breeding of virus-tolerant cultivars in regions with low 
or moderate virus infection. 

Cross-breeding was initiated by winegrowers, nurserymen and gar- 
deners in England, France and the United States at the beginning of the 
last century. Systematic breeding, however, started in France after the 
invasion of phylloxera, which decimated the vineyards of France and 
later those of other European grape-growing countries. Two breeding 
goals were formulated by French scientists in 1880: the development of 
phylloxera-resistant or -tolerant rootstocks and the development of in- 
terspecific hybrids which combine the fruit quality of V. vinifera with the 
disease resistance of American Vitis species. They should replace the 
phylloxera-susceptible V. vinifera self-rooted cultivars. 

Selections of native American species, such as V. riparia and 
V. rupestris, were soon used as phylloxera-tolerant rootstocks. They were 
hybridized some years later with the lime-tolerant V. berlandieri. Hy- 
brids between all three species resulted in rootstocks which are still 
widely used in all grape-growing countries. A necessity to breed new 
rootstocks would be the appearance of phylloxera races which overcome 
the tolerance of existing rootstocks (King and Rilling 1985; Granett et al. 
1987). A further approach would be the acceptance of transgenic root- 
stocks expressing the coat protein of virus diseases and which are, 
therefore, resistant to soil-borne-virus diseases. 

Cross-breeding to obtain improved V. vinifera cultivars became very 
successful. As examples, MuUer-Thurgau in Germany and the table 
grape cultivars Cardinal in the United States may be mentioned, which 
received worldwide attention in viticulture. Although the controversy 
about the quality and usefulness of new V. vinifera cultivars tends to be 
emotional and discussions are often polemic, explained by traditional- 
ism and progressiveness, the number of new cultivars is progressively 
increasing in a few countries, e.g., Germany and Hungary. 
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In contrast to the improvement of new V. vinifera cultivars, the his- 
tory of interspecific hybridization to obtain direct producers or wine- 
producing scion varieties is a long story of hopeful confidence and frus- 
trating disappointment. The problem was not the resistance or tolerance 
to fungus or bacterial diseases or the tolerance to phylloxera, it was the 
poor wine quality of many of the hybrids produced. The undesirable 
flavour compounds introduced from American Vitis species are poly- 
genically inherited. Therefore, both F, hybrids and Fj backcrosses are 
carriers of genes which give rise to unpalatable wines. This condition 
and a very effective plant protection by chemicals led to a general con- 
demnation of interspecific hybrids. Finally, legislation of the European 
Community in 1971 excluded all "hybrids" from producing quality 
wines, whereas production of table wines by interspecific hybrids re- 
mained permitted. The preamble of this decree, however, mentions the 
possibility of accepting interspecific hybrids whenever they were devel- 
oped after 1971 and their wine quality has proven to be "comparable" to 
that of V. vinifera cultivars. 

In spite of the discouraging results from developing disease-resistant 
cultivars by utilizing the genetic resources of Vitis native to America and 
East Asia, breeding has continued in some countries, e.g., Germany, 
Hungary and Russia. The promoter of these activities was the conviction 
that disease-resistant cultivars are a substantial part of a sustainable 
viticulture. Continuous breeding has indeed resulted in new cultivars 
with a reliable resistance to the most important fungus diseases in Mid- 
dle Europe and of a wine quality indistinguishable from the V. vinifera 
wines. They are free of undesired flavour components. The official tests 
within the regulations of the European Community have given evidence 
of their acceptable wine quality and, thus, it seems to be a matter of time 
only until they will be classified by the Community for producing quality 
wines (Table 3). 



Table 3. Yield and wine quality of the fungus-resistant cultivar Phoenix. (Data compiled 
by the Federal Office of Plant Varieties) 



Tests 


Yield 




Wine quality 


(n) 


(kg/ar) 


(°Oechsle) 


(score)“ 




c.c.‘’ Phoenix 


c.c. Phoenix 


c.c. Phoenix 


87 


169 198 


72 67 


2.2 2.2 



“Score: 1 to 5; 1 = very low quality, 5 = very high quality. 

‘’c.c. = comparative cultivars (Bacchus, Miiller-Thurgau, Kerner, Optima, Riesling, Silva- 
ner). 
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5. Final Remarks 

The potential of breeding grapes with a reasonable must and wine qual- 
ity combined with a high resistance or tolerance to nearly all existing 
pests and diseases in viticulture is a good reason for continuing breeding 
programmes. Nonetheless, grape breeding remains time-consuming, 
laborious and expensive and, therefore, must be supported by new 
techniques. 

The first approach was the introduction of in vitro techniques into the 
breeding programme to enhance the rate of propagation and to produce 
virus-free plant material. The incipient problems of regenerating meris- 
tematic tips of grapevines and avoiding somaclonal variations are 
solved, and rapid propagation has become a normal technique in grape- 
vine breeding. 

The second approach is the production of somatic embryos from 
undifferentiated callus produced by small leaf segments. Although this 
technique still remains genotype-specific, it has been used very success- 
fully to insert foreign genes into distinct cultivars. 

The regeneration of isolated protoplasts seemed to be unsurmount- 
able for many years. Recently, however, Reustle et al. (1994) succeeded 
in regenerating protoplasts of embryogenic callus of the cultivar Seyval 
blanc. This result, which has to be transmitted to other cultivars, opens a 
broad field of exciting possibilities, such as protoplast fusion to produce 
cybrids between Muscadina and Euvitis species, utilizing the potential of 
somaclonal variation or inserting desirable genes directly into the pro- 
toplasts. 

A very interesting and important technique as far as table grapes or 
raisin cultivars are concerned is the so-called embryo rescue technique. 
A number of cultivars used for raisin or table grape production undergo 
an incomplete seed development in as much as seed abortion occurs 
soon after fertilization. Their improvement by cross-breeding is thus 
rather limited. The culture of pollinated ovules was demonstrated by 
Spiegel-Roy et al. (1985). This technique is now being used by many 
breeders (Barlass et al. 1988). 

So far unsuccessful has been the production of haploid grapevine us- 
ing the techniques of anther-, pollen- or ovule culture. All regenerated 
plantlets proved to be diploid. No evidence, however, has been reported 
whether these diploid plantlets are heterozygous or dihaploid. 

Genomic analysis to distinguish grapevine cultivars or to verify the 
relationship of cultivar families has been very successful. This technique 
has generated a DNA finger print of cultivars (Bourquin et al. 1992; Scott 
and Thomas 1992; Bowers et al. 1993; Thomas et al. 1993, Tschammer 
and Zyprian 1994). An interesting result was reported by Buscher et al. 
(1994) that the parents of V. vinifera cultivar Muller-Thurgau are not 
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Riesling and Silvaner, and that only Riesling is one of the parents, fertil- 
ized with the pollen of a still unknown male vine. 

The more valuable the identification and distinction of grape geno- 
types for the maintaining of germplasm is, the more useful are these 
techniques to develop marker-assisted screening methods to make 
cross-breeding more efficient. Preliminary results are very promising, 
thus revealing that a combination of conventional breeding methods 
with the challenges and issues of biotechnology and gene transfer are 
encouraging aspects of future grapevine breeding. 



References 

Alleweldt G (1988) The genetic resources of Vitis. Federal Research Centre for Grape 
Breeding Geilweilerhof. Alleweldt G, Possingham JV (1988) Theor Appl Genet 75:669- 
673. Alleweldt G, Spiegel-Roy G, Reisch B (1991) Acta Hortic 290:289-327. Antcliff AJ, 
Newman HP, Barrett HC (1983) Vitis 22:357-362. Avramov L, Jelenkovic G (1961) J Sci 
Agric Res 14:1-8. 

Baribault TJ, Skene KGM, Cain PA, Steele Scott N (1990) J Exp Bot 41:1045-1049. Barlass 
M, Ramming DW, Davis HP (1988) In-ovule embryo culture: a breeding technique to 
rescue seedles x seedless table grape crosses. Aust Grape Grower Winemaker 124-125. 
Bourquin JC, Tournier P, Otten L, Walter B (1992) Vitis 31:157-162. Bowers JE, Bandman 
EB, Meredith CP (1993) Am J Enol Vitic 44:266-274. Buscher N, Zyprian E, Bachmann 0, 
Blaich R (1994) Vitis 33:15-17. 

Coutinho MP (1972) Genet Iber 24(l-2):77-92. 

Fennell JL (1948) J Hered 39:54-64. 

Granett J, Goheen AC, Lider LA, White JJ (1987) Am J Enol Vitic 38:289-300. 

Haas HU (1996) Untersuchungen zur Charakterisierung der Rebenchromosomen (Vitis 
sp.). Dissertation Univ Hohenheim. Haas HU, Alleweldt G (1995) Progress in grapevine 
karyotype analysis. Abst 12th Int Chromosome Conf Madrid, Chrom Res 3:243. Hedrick 
UP (1908) The grapes of New York, Rep NY Agric Exp Station for the year 1907. JB Lyon, 
Albany. Heil M (1990) Untersuchungen zum Nachweis von Agrobacterium tumefaciens 
Biovar 3 bei Reben. Dissertation Univ Hohenheim. Hoos G, Blaich R (1990) Phytophatol 
129:102-110. 

King PD, Rilling G (1985) Vitis 24:32-42. Kunde RM, Lider LA, Schmitt RV (1968) Am J 
Enol Vitic 19:30-36. 

Lebrun L, Rajasekaran K, Mullins MG (1985) Ann Bot 56:733-739. 

Mauro MC, Krastanova S, Toutain S, Perdin M, Barbier P, Demangeat G, Cornuet P, 
Bardonnet P, Coutos-Thevento P, Deloire A, Boulay M, Otten L, Pink L, Walter B (1994) 
Five grapevine (Vitis sp.) genotypes transformed with the coat protein gene of the 
grapevine fanleaf virus. Vlth Int Symp Grape Breeding, Yalta/Ukraine. Mullins MG, Tang 
FCA, Facciotti D (1990) Biotechnology 8:1042-1045. 




454 



Genetics 



Negrul AM (1938) CR Acad USSR NS 18:585-588. 

Olmo HP (1971) Am J Enol Vitic 22:87-91. Olmo HP (1986) Experientia 42:921-926. 

Patil GI, Olmo HP (1955) Am J Bot 42:141-159. 

Reustle G, Harst M, Alleweldt G (1994) Vitis 33:173-174. Rieder G, Gehrmann H (1992) 
Experiences with dormancy-breaking agent dormex on grapevines. Proc Int Symp Rec 
Adv in Viticult and Ecnology, Hyderabad, pp 157-162. 

Scott NS, Thomas MR (1992) Wine Ind J 7:221-223. Spiegel-Roy P, Sahar N, Baron J, Lavi 
U (1985) J Am Soc Hortic Sci 110:109-112. Sykes SR (1992) Plant Soil 146:123-129. Szeg- 
edi E, Korbuly J, Koleda I (1984) Vitis 23:21-26. 

Thomas MR, Matsumoto S, Cain P, Scott NS (1993) Theor Appl Genet 86:173-180. Tor- 
regrosa L, Le Gall 0, Bouquet A (1994) Agrobacterium-mediated genetic transformation 
of grapevine somatic embryos and regeneration of transgenic plants expressing the coat 
protein of the grape chrome mosaic virus (GCMV). Vlth Int Symp Grape Breeding, 
Yalta/Ukraine, pp 91-98. Tschammer J, Zyprina E (1994) Vitis 33:249-250. 

Vavilov NI (1926) Bull Appl Bot Cen Plant Breed 16:1-248. 

Walker RR (1994) Bull OIV 67:634-661. 



Prof. em. Dr. Dr. h. c. G. Alleweldt 
Hermann-Jurgens-Str. 27 
D-76829 Landau 




D. Taxonomy 

I. Systematics of the Bryophytes 

By Jan-Peter Frahm 



1. General Aspects 

An impression of the current research can be obtained from Festschrifts. 
The Szweykowksi Festschrift (Ochyra 1995) includes 46 contibutions, 19 
on taxonomy, 13 on bryogeography and floristics, 9 on anatomy, genet- 
ics and cytology, and 5 on ecology. This is about a representative per- 
centage of the activities in the different disciplines in bryology. Gener- 
ally, the number of bryological publications and thus the amout of new 
scientific results seem to have been constant over the past 20 years. 
There is apparently no increase in scientific information in this field of 
botany comparable to many other modern scientific disciplines. Most 
publications deal with floristics (florulas, floristic records, increasingly 
in tropical regions) or taxonomy (revisions, new species, various taxo- 
nomic or nomenclatural notes). 

2. Morphology, Anatomy 

In the placental region of the sporophyte-gametophyte junction of the 
fern Tmesipteris elongata (Psilotaceae) gametophytic transfer cells and 
sporophytic haustorial cells were detected (Frey et al. 1994a, b). This 
arrangement is unique amongst ferns and similar to the sporophyte- 
gametophyte junction of the Anthocerotae. It is interpreted as a pleio- 
morphic character, which was retained more or less unchanged through 
the evolution of ferns. The ancestral structure, identical in Psilotaceae 
and Anthocerotae, supports a closer relationship between both groups, 
and also supports the hypothesis that bryophytes are polyphyletic, and 
mosses, hepatics, and hornworts are of different origin. 

Ultrastructural and chemical studies of the epicuticular waxes of the 
sporophytes of Polytrichales were made by Neinhuis and Jetter (1995). 
In Atrichum, Oligotrichum, Polytrichum, Pogonatum, and Dawsonia, 
wax tubules were observed which resemble those of most gymnosperms 
and some primitive angiosperms. The chemical composition of the wax 
studied in two species of Pogonatum resembles that of moss gameto- 



Progress in Botany, Vol. 58 
© Springer- Verlag Berlin Heidelberg 1997 




456 



Taxonomy 



phytes and higher plants. The presence of tubular wax crystals on the 
sporophytes separates the Polytrichales from all other mosses studied, 
which have wax flaces, and underlines the isolated and monophyletic 
position of the Polytrichales. The identity of the same wax structure and 
its identical chemical composition on the sporophytes of Polytrichales 
and the leaves of gymnosperms and some angiosperms and the lack of 
tubular epicuticular wax in ferns raises the question whether this is 
based on a common biochemical evolution (which is favored by the 
authors) or on parallel evolution. 

Rhizoidal tubers were known in the past for only a few species of 
mosses. During the past 20 years, the number of species increased in 
which this kind of vegetative propagation was found. Arts (1994) studied 
the European species of Ditrichum and found rhizoidal tubers in all 
species except one. The morphology of tubers was used for a classifica- 
tion of the species. Tubers are abundant in the diaspore bank of the soil. 
An ecological model for the regulation of the populations of tuber- 
bearing mosses was presented by During (1995). 

Lead accumulation was studied in the moss Funaria hygrometrica 
using X-ray SEM analysis (Basile et al. 1994). Lead is especially accumu- 
lated in the gametophyte hydroids, sporophyte hydroids at foot level and 
in the transfer cells, but also by cell walls in general and to a smaller ex- 
tent by cytoplasm, chloroplasts, mitochondria, vacuoles, and cytoplas- 
mic reticulum. It does not reach the upper parts of the sporophytes. 

Bryophytes are often still regarded as thallophytes, and the presence 
of highly developed cormophytic structures is widely neglected. For in- 
stance, the presence of sieve cells in the stems of the moss Hookeria lu- 
cens has been known for 70 years, but the structure was not studied until 
Cortella et al. (1994) provided an SEM and TEM study, which revealed 
that these elements cannot be interpreted simply as leptoids, but re- 
semble the conducting cells in the phloem of vascular plants. If such 
structures are not interpreted as a parallel evolution in bryophytes and 
cormophytes (which is unlikely, because bryophyes apparently make no 
use of these structures), an origin of bryophytes from primitive cormo- 
phytes with subsequent reduction of cormophytic structures as adapta- 
tion to poicilohydric life must be postulated. 



3. Chemotaxonomy 

Bryophytes show a great genetic plasticity within single species, which is 
usually shown by isoenzyme analysis. Molecular as well as morphologi- 
cal data were used for the delimination of the European taxa of the he- 
patic genus Porella (Boisselier-Dubayle and Bischler 1994). The results 
of isozyme analysis and random amplified polymorphic DNA supported 
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the presented delimination of the Porella species as previously defined 
by morphological characters. The presence of the critical taxa P. baueri, 
described from Europe, and P. platyhylloidea, described from North 
America but rarely recorded from Europe, amongst 22 specimens stud- 
ied could not be confirmed. 

Bryophytes are ususally genetically very diverse within a species. To 
determine the genetic homogenity of a species, 100 plants of Sphagnum 
rubellum from 1 1 colonies were collected in a swamp in the state of New 
York, of which the allozymes were identified (Shaw and Srodon 1995). 
Seven allozyme haplotypes were found, of which two represented 66% of 
the plants and the others 9-11%. Ten of 11 colonies consisted of a single 
clone. 

Enzyme electrophoresis also showed a rich genetic variability also in 
the liverworts studied, e.g., Pellia epiphylla, Conocephalum conicum, 
Marchantia polymorpha or Aneura pinguis. However, in Lunularia cru- 
ciata, there was no evidence for genetic variability by izoenzyme analy- 
sis, except for differences between sterile and fertile plants (Boisselier- 
Dubayle et al. 1995). 

Electrophoretic studies of the moss described as Racophilum chilense 
described from Chile revealed that it is identical with the Australian 

R. cuspidigerum var. convolutaceum (van Zanten and Hofman 1995). 
The allozymes in the Chilean population are almost identical with those 
from Australia and New Zealand. Since R. cuspidigerum var. convoluta- 
ceum does not occur on islands between Australia and Chile, and be- 
cause of its identical electrophoretic phenotypes, it is postulated that 
this species reached Chile not by long-distance dispersal but introduced 
with timber. Also by electrophoresis, the taxonomic status of Sphagnum 
centrale was studied by Krzakowa et al. (1995). This species was ac- 
cepted either as an independent species or, because of only minor mor- 
phological differences, as a variety of S.palustre. The electrophoretic 
data suggest that S. centrale is even closer to S. magellanicum than to 

S. palustre. 

4. Systematics and Evolution 
a) Hepatics and Hornworts 

At present, hepatics are classified in two subclasses (Jungermanniidae 
and Marchantiidae) and six orders (Calobryales, Jungermanniales, 
Metzgeriales, Sphaerocarpales, Monocleales and Marchantiales) with 
about 60 families. The taxonomic units are mainly based on classical 
comparative methods of morphology and anatomy. Modern approaches 
include numerical methods, ultrastructure, cultivation experiments and 
recently also branching patterns. Cytological studies (chromosome 
numbers are known from about 10% of the species) have contributed 
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only little information for systematic problems. Biochemical data are 
known from about 700 species. They have usually supported the conclu- 
sions obtained from classical methods. 18S RNA gene sequences from 
six liverworts, six mosses, and one hornwort were used for a study of 
phylogenetic relationships. The tree based on these molecular data 
places Marchantiidae and Jungermaniidae in different clades (Capesius 
1995). This result suggests interpreting the Jungermanniidae and Mar- 
chantiidae as sister groups of mosses and therefore giving these sub- 
classes the rank of classes as Jungermanniatae and Marchantiatae (Bopp 
and Capesius 1995). Their tree suggests that Musci and Jungermanniatae 
have a common ancestor and that this ancestor is linked with the Mar- 
chantiatae. The morphological characters known to distinguish Mar- 
chantiatae and Jungermanniatae are compared, showing that these were 
apparently undervalued. Also the development of isolated chloroplasts 
of mosses, marchantoid and jungermannioid hepatics supports the iso- 
lation of the Marchantiatae and the similarity between Musci and 
Jungermanniatae. Whereas the chloroplasts of the Marchantiatae de- 
velop directly into a callus and next into a thallus, the chloroplasts of 
Jungermanniatae and Musci develop into a protonema, from which an 
apical cell develops into a leafy^ shoot. The genetic distance of Marchan- 
tiae and Jungermanniatae is also expressed by the specialized structure 
of the thallus, which is unique in the plant kingdom. There is also evi- 
dence from fossils that Marchantiatae and Jungermanniatae existed al- 
ready in the Devonian as separate groups and have evolved in parallel 
over a period of 350 million years. Different results were obtained by 
sequencing of 16S RNA genes by Mishler et al. (1992). Their cladogram 
shows mosses and Marchantiidae grouped together in one clade and 
Jungermanniidae in a separate clade. 

Extraction of 23S RNA resulted in a very unstructured tree. A combi- 
nation of sequence data from both genes separated liverworts (Mar- 
chantiidae and Jungermanniidae) in one clade and mosses in another. 

Few investigations were made so far using fluorescence microscopy in 
taxonomical studies. Hasegawa (1990) studied elaters and spore exines 
of Anthocerotae under this respect. Whereas spore exines of all genera 
studied showed autofluorescence, elaters of Anthoceros and Folioceros 
showed no fluorescence. This was present in all other genera of Antho- 
cerotae. This observation agrees with studies on the phenolic com- 
pounds of Anthocerotae by Takeda et al. (1990) with the result that the 
phenolic constituents of species of Anthoceros and Folioceros were quite 
different from all other genera of Anthocerotae. 



b) Mosses 

A new species of Hypnum, H. heseleri, was described from Europe, where 
it was found in one locality in Germany and two in the Netherlands 
(Ando and Higuchi 1994). This moss has a remarkably unusual appear- 
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ance for the genus, with julaceous branches and broadly ovate leaves. Its 
identity was dubious for a long time, and therefore it was called the 
mysterious moss in several small publications dealing with its discovery. 
Van Zanten and Hofman (1994) could show that this species is a recent 
mutant of the common Hypnum cupressiforme. Based on electrophoretic 
data, Hypnum heseleri has no gene pool different from Hypnum cupressi- 
forme. Cultivation experiments of spores obtained from Hypnum hese- 
leri resulted in plants of H. heseleri and H. cupressiforme in equal pro- 
portions, indicating that the sporophytes of H. heseleri were of hybrid 
origin, which could easily take place, since the German popxilation of 
H. heseleri grew intermixed with H. cupressiforme. In this case one moss 
species genetically not different from another was described based on its 
different morphology (a pure "morphospecies"). 

Taxonomic concepts vary between authors and are subject to change 
over time. Sphagnum taxonomists continue to describe numerous new 
species from the neo tropics (e.g., Crum 1994, 1995) and also from 
Europe (Flatberg 1993, 1994). The latter author describes morphs from 
mixed stands, although they show "considerable variation and overlap". 

Two helpful contributions were published on the European species of 
two of the most difficult genera, which are the best available overviews of 
these genera at present. Greven (1995) provided a handbook for the 44 
species of Grimmiaceae in Europe, Lewinsky-Haapasaari (1995) pub- 
lished a survey of the 37 European species of Orthotrichum. 

Cultivation experiments with Polytrichum alpestre, a species of bipo- 
lar distribution in temperate to polar regions and occurring in tundras 
as well as in mires showed that, e.g., number and length of leaves de- 
crease with increasing latitude (Longton 1994). These differences per- 
sisted over 13 years in culture. 

The "basal" pleurocarpous diplolepidous mosses (the genera close to 
the transition of acrocarpous and pleurocarpous mosses) were analyzed 
in a cladistic treatment by Hedenas (1994a). One of the cladograms pro- 
vided results in two clades, showing that the pleurocarpous mosses are 
paraphyletic and that some orders are polyphyletic. 

An example of a modern monograph of a bryophyte genus is given by 
Vitt (1995). Vitt treats the moss genus Calomnion with nine species and, 
except for a classical taxonomic treatment, he provides a phylogenetic 
reconstruction based on cladistics combined with an interpretation of 
the ranges of the species in Australia and the South Pacific based on 
plate tectonics. 



c) Fossil Bryophytes 

An examination of the fossil mosses from Baltic amber described 90 
years ago by Caspary revealed that Muscites hauchecomei is Trachycystis 
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flagellaris, a species of Miniaceae presently distributed in East Asia 
(Frahm 1994c). This supports the observation from other fossil sources 
that most of the species of mosses known from the Tertiary are identical 
with extant species, although the ranges have partly considerably 
changed due to climatic changes during the Pleistocene. 



d) Nomenclature 

So far, it has not been easy to obtain information about conserved names 
for mosses. First of all, the proposer or the place of publication of the 
proposal is not included in the appendix to the current International 
Code of Botanical Nomenclature. Secondly, many proposals were pub- 
lished before the first volume of Taxon published in 1951 (the earliest in 
1910) and therefore such proposals cannot be easily located. Therefore, 
Magill (1993) published a complete list of conserved names of mosses, 
including 52 genera and 6 families, with reference to the original pro- 
posals. 



5. Floristics 

a) General 

The greatest numbers of new species of bryophytes described were not 
from tropical rain forests, which is in contrast to flowering plants. On 
the contrary, tropical bryophytes show the highest rates of reductions in 
taxonomic revisions. Sources of undescribed species are, however, arid 
regions, which have obviously been widely neglected in the past. Several 
species of mosses were described from the Near East and the Arabian 
Peninsula (recently Tortula mucronifera, Frey et al. 1994c). Several spe- 
cies were described as new from Europe, most of them from the Iberian 
Peninsula, which was apparently a much undercollected area. Within 2 
years (1994-95), several bryophyte species were described as new from 
this region, e.g.. Orthotrichum macrocephalum (Lara et al. 1994), Ptery- 
goneurum compactum (Cano et al. 1994), and Racomitrium hespericum 
(Sergio et al. 1995). Including the species described during the past 10 
years from the Iberian Peninsula, 11 species were described as new to 
science from this region. 

Frullania azorica was described from Portugal and the Azores (Sim- 
Sim et al. 1995). This species was recognized already in 1894 but was not 
legitimately published, and its taxonomic position remained dubious 
since it could not easily be separated from the common F. dilatata. Now 
the isolation of the main flavonoid and terpenoid compounds confirmed 
the independent status of this species. 
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Hedwigia stellata differs from the common H. ciliata by recurved leaf 
apices (Hedenas 1994b). It seems to be widespread in Europe. 

Introductions, a common phenomenon in flowering plants, happened 
rarely in bryophytes in the past. The number of introduced species, 
however, is now growing. Tortula bolanderi, a species described from 
the Pacific Coast of North America, was found in southern France 20 
years ago, is now widespread in the Canary Islands, and has recently also 
been found in Sicily (Blockeel 1995), where it was found on a roadside 
bank. Lophocolea semiteres from the southern hemispheres has now 
been locally introduced in Belgium and the Netherlands (Stieperaere 
1994). This species is very frequent in temperate Australia and New 
Zealand, where it is locally one of the most common hepatics. It was 
introduced before in two British gardens. In 1987, it was found in Bel- 
gium, where it was first collected as Chiloscyphus or Lophocolea hetero- 
phylla with rounded leaves. The identity of the Belgian collection was 
discovered in 1990. In 1992, it was known from ten localities in Belgium 
spread over a distance of a 100 km. In 1994, it was known from 30 lo- 
calities in the Flemish part of Belgium and from 15 localities in the 
neighboring Netherlands. So far, its occurrence is confined to localities 
between 5 and 30 m above sea level, where it grows on sandy soil in 
conifer plantations, oak-birch woodland and dry heaths on soil, litter, 
fallen logs, and stumps. Lophocolea semiteres is dioecous, mostly sterile, 
and propagates mostly vegetatively. A further extension of its range to 
NW Germany can be expected. 



b) Floras 

The Gams (Kleine Kryptogamenflora Vol. IV) was the only book in print 
for over 50 years which included the whole bryoflora of Europe. It was 
published in five editions until 1973. Several years after the death of the 
author, a totally new edition has been prepared by Frey et al. (1995a). 
The book provides (still the only) keys to all bryophyte and fern species 
of Europe in condensed form with short remarks on the ecology and 
distribution of the species, and gives a brief survey of the species re- 
corded for Europe, but does not attempt to replace more detailed re- 
gional floras, which are listed in an appendix. 

An illustrated guide to the mosses and liverworts of Hong Kong was 
published by So (1995). It includes 319 color photographs of 156 species 
found in Hong Kong with descriptions. Bryofloras for tropical regions 
are still exceptional. A flora of the mosses of the Amazonian lowlands of 
Ecuador was published by Churchill (1994). The flora includes keys to 
about 120 species from 63 genera in 27 families as well as descriptions 
and illustrations. An appendix provides an updated checklist of the 
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mosses of Ecuador (the last one was published in 1948), including 874 
species. 

Based on 50 years of work on the Mexican moss flora and 18 collect- 
ing trips, A. J. Sharp initiated the edition of a moss flora of Mexico 20 
years ago. This monumental work in two volumes with 1113 pages and 
809 plates has now been completed and published (Sharp et al. 1994) 
with the help of 30 contributors. The flora includes 850 species. 



c) Atlases 

A provisional atlas of all species of hepatics in Norway and Sweden was 
edited by Soderstrom (1995). 



d) Checklists 

Checklists provide the first and basic information about the bryoflora, 
especially from tropical countries. A checklist of the Indochinese mosses 
(all countries east of India and south of China with the exception of the 
Malay Peninsula) contains 995 species (Tan and Iwatsuki 1993). For 
comparison, there are about 1100 species of mosses in Europe. 

A checklist of the mosses of sub-Saharan Africa includes 2939 taxa 
(O'Shea 1995). This is the most comprehensive guide to the mosses of 
tropical Africa with an indication of the country records, based on an 
evaluation of the complete bryological literature for tropical Africa. 

A checklist of the mosses of Bhutan comprises 282 species (Long 
1994). A checklist is now available also for Estonia (Ingerpuu et al. 1994). 
It includes 512 species so far recorded for this country; 12 species are 
reported for the first time. For each species, literature references for the 
records are given, the frequency of species is indicated, the habitat is 
given, and specimens in exsiccate series are cited. 



e) Conservation 

Bisang and Urmi (1994) studied the decline of red data list species in 
Switzerland. In a field survey, 195 populations (31%) of 522 selected 
literature and herbarium records were still present, 50 of 109 located in 
the Alps, but only six of 39 in the Jura mountains and four of 46 in the 
lowland. 

A red list of bryophytes is now available also for the Iberian Peninsula 
(Sergio et al. 1994). 
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Endemism is an interesting criterion to characterize floristic regions, to 
calculate origin and age of a population, and the degree of isolation. The 
percentage of endemic bryophytes species especially in island biota is 
much lower than in flowering plants. First calculations for the mosses of 
the Neotropics were provided by Delgadillo Moya (1994) using a data- 
base of all 4112 taxa of that region vdth their distributional data. The 
neotropics as a whole are characterized by 48% of endemic species. A 
calculation of Bykov's Index of Endemicity revealed that for vascular 
plants the typical area with 1% endemism is about 625 km\ whereas it is 
5560 km^ for neotropical mosses based on the data for Puerto Rico. The 
highest percentages of endemic species occur in Paraguay (36%), Brazil 
(49%), Bolivia (30%), Ecuador (18%), Venezuela (14%), Colombia 
(12%), and Peru (11%), whereas all other neotropical countries have a 
rate of endemism of less than 10%. Although the percentage of ende- 
mism may be overrated and decrease when more revisions have been 
undertaken, the countries with high rates of endemism, which are the 
Andine countries and Brazil, are generally known as major centers of 
endemism also amongst vascular plants. 

Of the Western Melanesian (New Guinea and Solomon Islands) hepat- 
ics, 38.2% are endemic (Piippo 1994). Most of the endemics (51.9%) 
occur in montane forests between 1500 and 3500 m altitude. The high 
rate of endemism is explained by the isolation of the islands, which arose 
ca. 15 million years ago, the isolation of mountain peaks, and the cli- 
matic fluctuations during the Pleistocene. The endemic species are of 
Indomalaysian or Australian origin. 

Only a few species of bryophytes were known to be pantropical in 
distribution. In his famous textbook Geographic der Moose, Herzog in 
1926 mentioned disjunctions between the Neotropics, tropical Africa, 
and tropical SE Asia, mainly on the genus level. At that time, bryologists 
worked on a worldwide scale but vwth less efficiency, or were specialized 
in certain continents such as Africa (e.g., most French bryologists). To- 
day, the number of species known with a pantropical distribution is in- 
creasing due to the specialization of bryologists as worldwide monogra- 
phers of certain genera or families. Recently, four species of Anthocero- 
tae known before from tropical Asia were found in tropical Africa, three 
in Tanzania, one, however, in the Ivory Coast, which is a remarkable 
disjunction (Hasegawa 1995). Another remarkable disjunction was de- 
tected by Yamada (1995). The hepatic Radula carringtonii was described 
from Ireland and has been known so far only from the British Isles, NW 
Spain, and Macaronesia. Now it was found in a collection from Costa 
Rica. This shows that most of the species with a distribution in the 
strongly Atlantic parts of Europe are, in fact, tropical elements and 
probably relicts from the Tertiary. Interestingly, they show the closest 
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phytogeographical affinities to the Caribbean and Central America. Ac- 
cording to Ando (1995), Hypnum macrogynum, a species known from 
Nepal, Sikkim, Bhutan, Assam, Burma, Malaysia, and China, turned out 
to occur in tropical Africa (Ethiopia, Kenya, Tanzania, Malawi, South 
Africa, Madagascar, and the Mascarenes). Meteoricum buchananii, a 
tropical moss known from Sri Lanka to the Philippines and New Guinea 
to Yunann, was found near Vladivostock above 43° in the Russian Far 
East (Magill and Cherdantserva 1995). 

A comparison of the moss floras of Europe and tropical Africa re- 
vealed that both have 142 species in common, 6% of the African and 
13% of the European moss flora (Frahm 1995). Most of the species (36%) 
common in both continents are azonal in distribution (aquatic and epi- 
petric species), 27% are temperate, 14% are tropical, 13% are mediterra- 
nean, and 10% are cosmopolitan. Since the Macaronesian Islands link 
Europe with tropical Africa, the relationship of their mossflora to 
Europe and tropical Africa was calculated. There are only 8 tropical 
species of the Canary Islands and the Azores, and besides 47 endemic 
species, 90% of the moss flora of Macaronesia resembles that of Europe. 

A comparison of the moss flora of North and South America revealed 
that 675 species and varieties are shared between both (Delgadillo Moya 
1995). Interestingly, 1 18 species are found in North and South but not in 
Central America. Most of these species are distributed along the Andes, 
but there are also species disjunct between North America and Brazil. 
This pattern lacks any explanation so far. 

An increasing number of mosses described from the Near East is also 
found in Spain. The last example is the record of Pterygoneuron cros- 
sidioides described from the Dead Sea area (Guerra et al. 1995a). These 
new records, as well as the high number of species recently described as 
new, demonstrate that the Iberian Peninsula was quite underexplored. 
Of special interest are the gypsiferous outcrops in SE Spain (Guerra et al. 
1995b), from where 21 bryophyte species are reported. Of these species, 
Acaulon casasianum and A. desertoense, Gymnostomum lanceolatum, 
Phascum cuynetii, Phascum longipes, Pterygoneuron sampaianum, and 
P. compactum are endemic to this habitat and region or at least the Ibe- 
rian Peninsula, Grimmia mesopotamica, Pterygoneuron crossidioides, 
and Didymodon aaronis were formerly only known from the Near East, 
Crossidium laevipilum also from Northern Africa, Tortula brevissima 
also from France, Switzerland, and Germany, Tortula caninervis ssp. 
spuria from Ukraine, the Czech Republic and Switzerland, Crossidium 
aberrans and C. seriatum were described from North America, Enthos- 
todon hungaricus was known before only from the steppes of Eastern 
Europe, Phascum piptocarpum from Northern Africa, Phascum vlassovii 
is known from Armenia, Ukraine, Central Asia, Turkey, and British Co- 
lumbia (!). Recently, Weissia papillosissima described from Tadhikistan 
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was reported from Alicante, Spain (Moya et al. 1995). The large, even 
transcontinental disjunctions suggest that these species belong to floris- 
tic elements of mesozoic origin. 



7. Ecology 
a) General 

The use of the most frequent mosses in German forests as ecological 
indicators was discussed by Biernath and Roloff (1993). 

The bryophytes of peatlands in continental western Canada were 
studied by Vitt and Belland (1995). One hundred and nine species were 
found in 100 peatland sites. Fifty- two percent occurred in only one of 
five peatland classes, showing the high indicator value of bryophytes for 
bog and fen types. 

The response of Sphagnum fuscum to N fertilization was studied by 
Jauhiainen et al. (1994). Ten kg/ha/yr were necessary for length growth, 
30 kg/ha/yr were optimal, 100 kg/ha/yr inhibited growth almost com- 
pletely. These data are of interest, especially with respect to the present 
N deposition, which by far exceeds 30 kg/ha/yr in most parts of Central 
Europe, and will affect the vitality of raised bogs. In order to see whether 
the nitrogen uptake of plants of Dicranum majus is environmentally or 
genetically induced, a transplantation of carpets was performed in Nor- 
way from areas with high to areas with low atmospheric nitrogen depo- 
sition (Bakken 1995). Sixteen months later, the nitrogen concentration 
was still higher in plants from the area with high nitrogen deposition 
which had been transplanted to the area with low deposition. It can 
therefore be concluded that N uptake is controlled not only by the envi- 
ronment. 

Changes in the bryoflora of habitats or regions have rarely been 
studies and little is known about how the bryoflora of a region changes 
over a period of time. The quantitative and qualitative changes in the 
bryoflora of the East Friesian islands of Juist in Germany was studied by 
Homm et al. (1994). For this purpose, the floristic records for the island 
were evaluated between 1900 and 1994. During this period, the total 
number of species remained more or less constant between 67 and 78. 
However, only 28 species were observed continuously, 33 only until 
1950, 45 since 1950. In total, 139 species were observed. This shows 
strong fluctuations in the species composition as a result of habitat 
changes. Thus, bryophytes can be used successfully as indicators for 
environmental changes. 

Life strategies of desert bryophytes were analyzed in terricolous and 
saxicolous bryophyte communities in Jordania (Frey and Kiirschner 
1995). Along a climatic gradient in a transect from arid regions to sub- 
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humid zones, a change of the life-strategy patterns could be observed. 
Increasing attention is being paid to the ecology of tropical bryophytes. 
A series of publications is dealing with the results of the Bryotrop ex- 
pedition to Rwanda and Zaire, several of them concern ecology, eco- 
physiology, or structural adaptations. Losch et al. (1994) studied the gas 
exchange of bryophytes collected at 800 and between 2200 and 3200 m 
altitude. The light compensation points were lower in the bryophytes 
from the lowlands as compared with those from higher altitudes. The 
optima for the maximum gas exchange was between 22 and 30 °C in all 
bryophytes studied, but somewhat higher in lowland species. It is postu- 
lated that the low light requirements at the forest floor at low altitudes is 
compensated by high CO^ concentrations in this habitat. The phytomass 
of epiphytic bryophytes increases along the Bryotrop transect from 
8 kg/ha in the submontane forest to 600 kg/ha in the subalpine forest 
(Frahm 1994a). The water-storing capacity increases along the same 
transect from 20 1/ha to 18 000 1/ha, which is 18% of the estimated an- 
nual rainfall. The altitudinal zonation of bryophytes along a transect 
between 800 and 3200 was studied by Frahm (1994b). Based on floristic 
parameters such as the number of species per hectarplot and the calcu- 
lation of floristic discontinuities of the altitudinal ranges of the bryo- 
phyte species, as well as on ecological parameters such as the phytomass 
of epiphytic bryophytes per m^ and per hectare, the altitudinal zonation 
of the tropical rain forest studied was classified. The same results were 
obtained from an evaluation of the data from epiphytic stem bryophytes 
(Kiirschner 1995). The altitudinal zonation of species is correlated with 
different life forms, water-conducting and water-storing structures, and 
thus shows distinct adaptations strategies to the different climatic envi- 
ronments (Kiirschner and Seifert 1995). Colonists, perennial stayers, and 
perennial shuttle species are recognized as life strategies (Frey et al. 
1995b). In contrast to other types of habitats, perennials are favored by 
the constant ecological conditions. The results obtained in Zaire can be 
compared with those in Peru, Colombia, and Borneo. The altitudinal 
zonation differs, however, in areas with extreme high humidity. In the 
Choco region in western Colombia, known as one of the tropical rain 
forest areas with the highest precipitation in the world (up to 15 m/year), 
the altitudinal belts are depressed (Frahm 1994d). Another result of the 
high humidity is the predominance of hepatics, which accounts for 90% 
of the bryophyte flora, whereas there are 40-50% in other parts of the 
tropics. 

The calculation of the phytomass of epiphytic cryptogams was so far 
made by either cutting several trees and sampling all cryptogams or by 
sampling small parts of stems and branches with subsequent estimation 
of the total. McCune (1994) used epiphyte litter for the determination of 
epiphyte phytomass in Oregon. According to this test, ten 2-m-radius 
plots need to be studied over a period of 2 years. 
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Bryophyte diversity of Ficus tree crowns from a forest and a pasture 
was studied in Costa Rica by Sillet et al. (1995). A total of 127 species was 
found, 109 on trees in intact forest, 76 on isolated trees in the open. 
Fifty- two species were found only in the forest, 18 species exclusively in 
the open. 



b) Pollution 

As a Swiss contribution to the European project on the survey of heavy 
metal deposition using bryophytes, a report was published by Schmid- 
Grob et al. (1993). The results are based on collections of Hypnum cu- 
pressiforme and Hylocomium splendens in 235 localities, considering 14 
different elements. For each of the elements, the pollution situation in 
Switzerland is shown and compared with the results from similar studies 
in Iceland, Greenland, Sweden, and Denmark. The concentration of 
heavy metal deposits is correlated with the amount of precipitation. 

In the state of Sao Paulo, Brazil, the bryophyte species growing in ar- 
eas polluted with organic compounds such as hexachlorobenzene 
(HCB), pentachlorphenol (PCP) and others were recorded (Visnadi et al. 
1994). Thirty four species of liverworts and 40 species of mosses were 
collected, 2 liverworts and 12 mosses growing directly on polluted soil. 
The quantity of species and the interpretation of species (e.g., the pres- 
ence of many epiphytes) suggests that bryophytes are not very sensitive 
to organopollutants. 
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II. Molecular Systematics; 1994-1995 

By Kenneth J. Sytsma and William J. Hahn 



1. Introduction 

During the period of our last review of plant molecular systematics in 
Progress in Botany 55 (1994) covering mid- 1991 through mid- 1993, the 
field had seen the movement to rapid DNA sequencing and large-scale 
attempts to uncover relationships at all taxonomic levels. We raised the 
question of whether molecular systematics would in the future provide 
significant contributions to the myriad of taxonomic and evolutionary 
questions either singly or in concert with traditional data gathering. As 
will become clear, molecular systematics is forging ahead along both 
paths; DNA sequence data especially are providing insights into plant 
relationships and evolution not afforded by other means, but these se- 
quence data are increasingly being used in parallel with traditional mor- 
phological, anatomical, and cytological information. 

The impact of molecular systematics is being felt in a wider array of 
systematic, evolutionary, and ecological research areas. The study of 
algal phylogeny is being shaped tremendously and in surprising ways by 
the application of DNA sequencing tools (e.g., Wilcox et al. 1993; Fresh- 
water et al. 1994; Liaud et al. 1994; Mishler et al. 1994; Ragan et al. 
1994a, b) and is now requiring its separate reviews (McCourt 1995). The 
explicit interaction of many systematists (Green Plant Phylogeny Re- 
search Coordination Group) to uncover relationships among the major 
lineages of green plants, from algae to flowering plants, is continuing. 
Three workshops on issues related to this extensive project have taken 
place (see homepage on the World Wide Web for details: http://ucjeps. 
Berkeley, edu/bryolab/greenplantpage.html). The synthesis of molecular 
systematics, genetics, and the study of morphological evolution is an 
exciting but yet largely untouched endeavor (e.g., Bradshaw et al. 1995; 
Doebley 1995). The explicit marriage of molecular systematics and ecol- 
ogy in studies of adaptive radiation (e.g., Givnish et al. 1994, 1995) is 
seen in the talks presented at the 1995 Society for the Study of Evolution 
satellite meeting Molecular Phylogenetics and Adaptive Radiations. 

A number of reviews pertinent to specific areas or issues in molecular 
systematics are essential reading. Bachmann (1995a) presents an over- 
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view of the progress and pitfalls in systematics with an emphasis on 
cladistic analyses of both DNA and morphology. Donoghue (1994) pro- 
vides a more comprehensive outlook on the progress and prospects in 
reconstructing plant phylogeny, again with emphasis on both DNA and 
morphology. Hoch and Raven (1995), in the introduction to Experimen- 
tal and Molecular Approaches to Plant Biosystematics (Hoch and Ste- 
phenson 1995), review the impact of isozyme and DNA approaches in 
addressing both evolutionary and taxononimc problems with examples 
taken from Clarkia and other genera of Onagraceae. In similar fashion, 
Kadereit (1994) approaches the issue of molecules and morphology from 
the perspective of genetics and morphological evolution, illustrating the 
discussion with examples of rapid and/or major morphological changes 
within recently evolved clades. Olmstead and Palmer (1994) provide a 
much-needed and comprehensive review of methods and data analysis 
for chloroplast DNA (cpDNA) variation. 



2. Progress from 1994 to 1995 

How have we progressed since 1993? We have reviewed over 325 articles 
and book chapters on the topic of plant molecular systematics during 
this time period. These citations, as well as those examined for the pre- 
vious review (Sytsma and Hahn 1994), are available on the homepage of 
the first author (http://fireweed.botany.wisc.edu/sytsma.html). Our top 
ten list (alphabetically arranged) during this period should illustrate well 
the dynamic and far-reaching impact of plant molecular systematics. 
They have been chosen for their extensive surveys (taxa and sequences), 
resolution of long-standing systematic or evolutionary problems, and 
opening new areas of research. More details on many of these papers are 
included elsewhere in this review. 

1. Clark et al. (1995) present the first thoughtfully planned and well- 
covered survey of the grass family and use the relatively new tool of 
sequencing ndhV from the chloroplast genome. This study lays an 
important foundation for a new intrafamilial classification for a fam- 
ily clearly in need of one. 

2. Chase et al. (1995a) examines the relationships within the superorder 
Lilianae using 172 rbcL sequences. Surprising relationships of impor- 
tant and large families are seen and identification of a new lineage of 
commelinoids, the dasypogonoids, is provided. 

3. Doebley (1995) weaves together masterfully the genetics, develop- 
ment, and morphological evolution of maize. His results show that in 
maize evolution, a new trait may involve genetic changes along the 
entire spectrum from the single major locus (plus modifiers) to sev- 
eral loci of relatively small effect. His work resonates with the increas- 
ingly more common and unusual results of molecular systematics 
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that indicate that morphologically distinct taxa (in flower, fruit, or 
vegetative feature) are often sister taxa. 

4. Givnish et al. (1995) present a detailed cpDNA survey of most extant 
species of Cyanea (Lobeliaceae), the largest radiation in the Hawaiian 
Islands. The results are linked tightly with ecological features of 
habit, fruit color, and floral size, and with biogeographical patterns of 
speciation. 

5. Graham and Barrett (1995) present one of the most detailed analyses 
of evolution of breeding systems using molecular phylogenies. Sur- 
prisingly, in contrast to morphological analyses, multiple losses of 
tristyly have occured in Pontederiaceae based on rbcL evidence. 

6. Hasebe et al. (1994) generate one of the first extensive molecular 
phylogenies for a major portion of ferns. rbcL sequence variation give 
tantalizing and often surprising insights into relationships of the 
leptosporangiate ferns. 

7. Lavin (1993) is the first explicit attempt in the Systematic Botany 
Monographs series to combine morphology, molecules, and bio- 
geography, using Poitea (Leguminosae). 

8. Mayer and Soltis (1994) examine the evolution of serpentine endem- 
ics in California with a chloroplast DNA phylogeny. They show that 
the Streptanthus glandulosus complex (Cruciferae) contains both pa- 
leoendemics and neoendemics, and that serpentine tolerance evolved 
numerous times and/or were lost numerous times. 

9. Olmstead and Sweere (1994) set the standard for combining data in 
phylogenetic systematics using three molecular data sets in the Sola- 
naceae. 

10. Song et al. (1995) synthesize allopolyploids of the well-studied Bras- 
sica and follow the different parental nuclear genomes through sev- 
eral generations. Their evidence for rapid and asymmetrical genome 
change has major implications for polyploid evolution. 

Books, texts, and other notable publications? One of the most important 
general texts to come out in molecular systematics is Molecular Markers, 
Natural History and Evolution (Avise 1994). The book is very readable 
and, despite its emphasis on animals, provides a wealth of information 
and references on all topics in the field; it makes an excellent text for a 
course in molecular systematics. Molecular Ecology and Evolution: Ap- 
proaches and Applications is an edited series of chapters (Schierwater et 
al. 1994). Some of the most important chapters deal with sequence 
alignment, computational problems in sequence analysis, analysis of 
DNA from museum/herbarium specimens, and utilization of both mo- 
lecular and morphological data in phylogenetic studies. Similarly, Ex- 
perimental and Molecular Approaches to Plant Biosystematics (Hoch and 
Stephenson 1995) presents insights into a range of topics: fossil DNA, 
reticulate evolution, genetics and morphological development, phyloge- 
netic history within species, and genealogical perspectives on species 
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definitions. The 82nd (1995) volume of the Annals of the Missouri Bo- 
tanical Garden contains important summary articles on the utility and 
problems with new molecular tools (ITS, 18S, atpB, matK, ndh¥, phyto- 
chrome, heat shock proteins). Despite its promising title. Phylogenetics 
and Ecology (Eggleton and Vane-Wright 1994) is weak in molecular ex- 
amples and dogmatic (at least the introductory chapter) in its perspec- 
tive concerning the role of molecular and morphological data. DNA Fin- 
gerprinting in Plants and Fungi (Weising et al. 1995) offers a detailed 
review of the utility of newer DNA approaches, mostly for the below the 
species level, and its greatest contribution is perhaps its encyclopedic 
reference section. Other technical edited books with chapters of interest 
include Conservation of Plant Genes II: Intellectual Property Rights and 
DNA Utilization (Adams et al. 1994), Ancient DNA (Herrmann and 
Hummel 1994), and Models in Phylogeny Reconstruction (Scotland et al. 
1994). Of more specific interest to the application of molecular systemat- 
ics to biogeography is the excellent and important compendium on Ha- 
waiian plants and animals edited by Wagner and Funk (1995), Hawaiian 
Biogeography: Evolution on a Hot Spot Archipelago. 

Three books, generated from papers presented at international sym- 
posia, focus on both molecular and morphological systematic analyses 
(in varying ratios). Only one chapter in Advances in Compositae System- 
atics (Hind et al. 1995) incorporates information from molecules; sur- 
prising considering that the Compositae has been a model family for 
modern molecular tools. Of the 17 chapters in Advances in Legume Sys- 
tematics 7: Phylogeny (Crisp and Doyle 1995), 6 specifically deal with 
molecular data. Monocotyledons: Systematics and Evolution (Rudall et 
al. 1995) provides a wealth of information on the emerging classification 
of monocots; 13 of the 31 chapters deal with molecular data. This two- 
volume book is superb in coverage of morphological, molecular, and 
combined analyses of various groups in the monocots ranging from 
family to superorder studies; it should set the standard for future presen- 
tation of multi-disciplinary studies of major plant groups. 



3. Advances in Methodology 
a) DNA Extraction 

The hot CTAB method remains the most widely used method of DNA 
extraction. Certain plant groups (e.g., Wiegrefe et al. 1994) have pre- 
sented specific problems deterring effective DNA extraction, but reme- 
dies have been suggested and tabulated (Sytsma 1994). Steps to over- 
come problems of DNA extraction from tropical trees and subsequent 
PCR are presented by DeLaCruz et al. (1995). Guidet (1994) demon- 
strates an effective and scaled-down extraction protocol that can be used 
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quickly on 100s of samples for later PCR and RAPDs analysis; how uni- 
versaly applicable this method is remains to be seen. DNA extraction 
methods for herbarium specimens, increasingly important as a tissue 
source, have been evaluated (Taylor and Swann 1994; Savolainen et al. 
1995). Progress in extraction of more ancient DNA from fossils has been 
slow (P. S. Soltis and Soltis 1993). 



b) PCR/Sequencing Innovations 

The most important change in plant molecular systematics is the begin- 
ning of the switch from manual to automated sequencing. Direct double- 
stranded sequencing is now the norm, but a number of laboratories have 
begun automated sequencing (e.g., Nickrent and Soltis 1995). Trouble- 
shooting guides are becoming available for automated sequencing 
(Naeve et al. 1995), but no general reference exists specific to the needs 
of the molecular systematist covering all steps from the purity of tem- 
plate DNA to verification and manipulation of the raw sequence data. 
For manual sequencing of cpDNA from algae and vascular plants, a gen- 
eral review of PCR amplification and sequencing is available (Fanagan et 
al. 1994). If using herbarium specimens, the advice given by Savolainen 
et al. (1995) might be helpful. The inclusion of BSA and PVP sometimes 
aids in PCR from herbarium DNA. Herbarium specimens up to 109 years 
old have been successfully used, but there is no apparent correlation of 
success with age of specimen. Demesure et al. (1995) list universal prim- 
ers for amplifying noncoding regions of both chloroplast and mitochon- 
drial genomes. 



c) Genome Analysis 

The chloroplast genome, recently reviewed for its origin and evolution 
(Gray 1993), rate of nucleotide substitution (Gaut et al. 1993; Clegg et al. 

1994) , inheritance (Mason et al. 1994; Reboud and Zeyl 1994; Birky 

1995) , and methods of analysis (Olmstead and Palmer 1994), continues 
to be chosen for the majority of molecular studies at higher taxonomic 
levels. The entire cp genome of Pinus thunbergii has been sequenced 
(Wakasugi et al. 1994). Sequence analysis of nuclear rDNA spacers, how- 
ever, has surpassed the traditional cpDNA restriction site surveys. 
Modifications of the standard restriction site surveys (e.g., Wiegrefe et 
al. 1994) now exist. One of these alternative methods is restriction site 
mapping with four base-recognizing enzymes of PCR amplified cpDNA 
segments (Liston and Kadereit 1995; Sanderson and Liston 1995; 
Schwarzbach and Kadereit 1995). This method is fast, efficient, allows 
for better resolution of homology issues, and bypasses the use of South- 
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ern blotting. A second alternative is mapping of the fairly conserved 
inverted repeat within the cp genome (Manos et al, 1993; Downie and 
Palmer 1994; Bruneau et al. 1995b; Davis 1995; Hahn et al. 1995). Al- 
though the inverted repeat is conserved and thus can be used at ordinal 
or above levels, Hahn et al. (1995) demonstrate the sequential loss of 
portions of the inverted repeat during the evolution of the Commelini- 
dae, calling into question the simplistic homology assessment of restric- 
tion sites across monocots (Davis 1995). Similarly, a PCR-based study 
indicates that the loss of the inverted repeat represents a single evolu- 
tionary event in the papilionoid legumes (Liston 1995). 

Sequence analysis of chloroplast genes other than rbcL have been ini- 
tiated during this time period. The utility of atpB is demonstrated by 
Hoot et al. (1995) and the gene, together with rbcL, might provide addi- 
tional resolution in the deep branches of angiosperms. Faster-evolving 
matK (Johnson and Soltis 1994, 1995; Steele and Vilgalys 1994), ndkF 
(Clark et al. 1995; Kim and Jansen 1995; Olmstead and Reeves 1995; 
Scotland et al. 1995), and fps4 (Nadot et al. 1994) have been successfully 
used within and among closely related families. matK evolves twice as 
fast as rbcL; and, whereas rbcL shows variation mainly at third positions, 
matK shows variation evenly across the codon (Steele and Vilgalys 
1994). Similar levels of divergence are seen with ndhY (Kim and Jansen 
1995; Olmstead and Reeves 1995; Scotland et al. 1995). At least one gym- 
nosperm (Pinus), however, has lost all ndh genes (Wakasugi et al. 1994). 
At lower taxonomic levels, a variety of spacers and introns within 
cpDNA are being used (Bohle et al. 1994; Ehrendorfer et al. 1994; Gielly 
and Taberlet 1994; Manen et al. 1994a, b; Mes and Sandbrink 1994; Mes 
and Thart 1994; Savolainen et al. 1994; Natali et al. 1995) and we predict 
their increased use and diversity. 

The mitochondrial (mt) genome has received little attention, despite 
the fact that PCR-based sequence studies of specific genes largely over- 
rides the problems we listed in our last review of plant molecular sys- 
tematics in Progress in Botany 55 (1994). However, to this list we must 
now also add the feature of RNA editing in mtDNA (Hiesel et al. 1994a), 
a phenomenon known to occur in all groups of land plants except bryo- 
phytes, that places an additional level of complexity in phylogenetic 
analyses. Despite these features, Hiesel et al. (1994b) present a strong 
case for mitochondrial sequences as phylogenetic tools. A newly discov- 
ered type of maize mt genome is argued to be an evolutionary link be- 
tween known mt genome types (Fauron and Casper 1994). Phylogenetic 
analysis of mtDNA restriction fragment patterns was possible in Cicho- 
rium (Compositae) and related genera (Vermeulen et al. 1994). A coxll 
intron does not appear to be phylogenetically informative as it has been 
lost at least two times in dicots and altered substantially in other lineages 
(Rabbi and Wilson 1993). 
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The nuclear genome has been the focus of a number of new and inno- 
vative approaches addressed to both lower and higher taxonomic ques- 
tions. Of some significance is the initial use of 18S (rDNA) sequences to 
augment the rbcL survey of green plants. The first general survey of an- 
giosperms, although not nearly matching the coverage of rbcL, does sug- 
gest general congruence with rbcL although taxon sampling and thus 
long branch attraction are certainly problems (Nickrent and Soltis 1995). 
The larger rRNA (26S) gene exhibits a complex nature of sequence 
variation and complicates its use as a molecular phylogenetic tool (Bult 
et al. 1995). The intervening transcribed spacer of rDNA (ITS) has be- 
come (replacing cpDNA restriction site mapping) the most used molecu- 
lar tool at the genus level (Baldwin et al. 1995). The universal primers 
originally developed for the spacers and the many more taxon-specific 
primers later developed are permitting most groups of land plants to be 
examined. ITS is not without its problems. Hybridization, introgression, 
and possibly interlocus recombination have been mentioned as real 
problems in some studies (Sang et al. 1995a; Wendel et al. 1995a). The 
intergenetic spacer (IGS) of rDNA has been partially sequenced and may 
hold promise for low-level studies (Tucci et al. 1994). The tandemly re- 
peated 5S ribosomal genes are once again being examined, although now 
at a lower taxonomic scale. In the most extensive study to date, Udovicic 
et al. (1995) show that all of the variation in Eucalyptus and relatives 
exists in the spacer region, and that repeating elements make up most of 
this variation. Kellogg and Appels (1995) demonstrate that the intra- 
specific and interspecific variation in the 5S RNA genes are decoupled in 
diploid wheat relatives, and thus present different interpretations below 
or above the species level. 5S ribosomal genes can also manifest links to 
other gene families (Drouin and Moniz de Sa 1995). 

The third prospect for the future of molecular systematics that we 
highlighted in our last review in Progress in Botany 55 (1994), namely the 
search for alternative nuclear genes of DNA regions, is now emerging. 
Mathews et al. (1995) demonstrate the systematic utility of the phyto- 
chrome gene family in angiosperms. The evolutionary history of two 
pgiC genes has been tracked in Clarkia (Onagraceae; Ford et al. 1995). Of 
special interest in this example is the involvement of gene duplication 
and the demonstration of the presence of pseudogenes. Other gene sys- 
tems examined include alcohol dehydrogenase (Yokoyama and Harry 

1993) , chalcone synthase (Tropf et al. 1994; Durbin et al. 1995), homeotic 
multigene family (Doyle 1994), cytochrome C (Zhang and Chinnappa 

1994) , and heat shock genes (Waters 1995). We are still behind the zo- 
ologists, who have assessed the phylogenetic information content of five 
nuclear genes (Friedlander et al. 1994) and are evaluating the phyloge- 
netic utility of genes informative about deep divergences among verte- 
brates (Graybeal 1994). The continued survey of the genome of Arabi- 
dopsis thaliana (Goodman et al. 1995) will surely aid in this endeavor. A 
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recurring problem that must be dealt with when using PCR to amplify 
loci from gene families is PCR selection and PCR drift (Wagner et al. 

1994) . 

A variety of more random approaches of sampling the nuclear 
genome continue to be used, especially at the species level (Weising et al. 

1995) . Dubcovsky and Dvorak (1994, 1995) use repeated nucleotide se- 
quences to examine the origin and identifiy the genomes of various spe- 
cies of Triticum. 

Microsatellite DNA variation is just beginning to be used in plant 
molecular systematic studies (Morgante and Olivieri 1993; Saghai Ma- 
roof et al. 1994; Terauchi and Konuma 1994). Other short tandem DNA 
repeats offer promise (Wang et al. 1994). RFLPs (restriction fragment 
length polymorphisms) continue to be used to assess genetic variation 
within species or species complexes: Hevea (Besse et al. 1994), Microseris 
(Bachmann 1995b), and Vida (Gustafsson and Gustafsson 1994). During 
the past 2 years there has been a significant switch to RAPD technology 
to generate similar kinds of genetic variation: Microseris (Bachmann 
1995b), Vida (Gustafsson and Gustafsson 1994), Musa (Howell et al. 
1994), Echinochloa (Hilu 1994), Panicum (M'Ribu and Hilu 1994), Ara- 
chis (Hilu and Stalker 1995), and Azolla (Zimmerman et al. 1994). Most 
of these studies use measures of overall similarity and distance algo- 
rithmus to present relationships. Reassuringly, estimates of genetic 
variation in black spruce using isozymes and RAPDs are nearly identical 
(Isabel et al. 1995). 

More importantly, these two methods are now being tested for phylo- 
genetic relevance. Boundaries of species within Solarium have been rec- 
ognized using RFLPs (Giannattasio and Spooner 1994). A phylogeny of 
Brachypodium (Poaceae) was generated with both RFLPs and RAPDs, 
both giving similar results (Catalan et al. 1995). RFLPs of 13 of 21 species 
of Juglans were examined with both parsimony and distance methods 
with similar results (Fjellstrom and Parfitt 1995). A phylogeny of tall 
fescue and related species was done with RFLPs only (Xu and Sleper 
1994). Relationships of Ranunculus acriformis to congeners was evalu- 
ated with RAPDs (Van Buren et al. 1994). At a higher level, RAPDs were 
analyzed across the Salicornieae (Chenopodiaceae) (Luque et al. 1994). 
In combination with allozymes and cpDNA, Vicario et al. (1995) deter- 
mined the relationships of the relic populations of Abies nebrodensis to 
Abies alba. As discussed more fully in our last review in Progress in Bot- 
any 55 (1994), the use of RAPDs in a phylogenetic context have been 
criticized due to 

1. their dominant rather than codominant inheritance, 

2. nonrepeatability of replicate experiments, and 

3. nonhomology of comigrating bands. 
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At that time, our survey of studies using RFLPs showed that RFLP data 
were consistent with those obtained from previous molecular studies, 
despite warnings to the contrary (Whitkus et al. 1993). What is needed 
now are studies that can compare phylogenetic trees obtained via RAPD 
data to well-corroborated phylogenies based on a wealth of other and 
independent data sets. As mentioned earlier, several studies have filled 
in this gap. RFLP and RAPD analyses in Brassica give congruent results 
to previous molecular results if the analysis is conducted among closely 
related species (Thorman et al. 1994). This study suggests that RAPDs 
may be inappropriate at higher levels in the genus due to nonhomology 
of bands. Likewise, Harris (1995) shows that parsimony analysis of 
RAPD data in Leucaena (Leguminosae) is totally congruent with cpDNA 
results. Lu et al. (1995) ingeniously test the inheritance of RAPD bands 
by assaying both haploid and diploid tissue of Pinus. These papers indi- 
cate that RAPD and RFLP phylogenetic studies at lower levels cannot be 
simply dismissed. See Smith et al. (1994) for a cautionary discussion of 
the phylogenetic utility RAPD data in bacteria. 



d) Data Analysis 

As we noted in our last review in Progress in Botany 55 (1994), nucleo- 
tide sequence data accumulation has outpaced our efforts to analyze (let 
alone publish) them. This problem is now compounded by the ongoing 
and contentious debate on which kind of analytical method to use with 
sequence data. The major steps in phylogenetic analysis of sequence 
data are each being critically examined: alignment, inclusion or exclu- 
sion of indels, tests of phylogenetic information within the data, the 
choice of analytical method, weighting, computation, and tests of clade 
support and cladogram accuracy. Issues of sequence alignment are 
nicely covered by Wheeler (1994, 1995; Wheeler et al. 1995; see also 
Rinsma-Melchert 1993), and Wheeler has produced a software program 
(Malign) that integrates sequence alignment with tree building in an 
interactive fashion. How to deal with indels (insertions or deletions) is 
still debatable; they have been excluded, treated as a fifth character state, 
or treated as separate characters. It is clear in several studies that indels 
have phylogenetic information (a posteriori relative to site variation). 
Thus, Baum et al. (1994) coded gap positions in Epilobium (Onagraceae) 
ITS as missing in the body of the data matrix and then each indel scored 
and entered as a separate character. This approach permitted indels to 
be weighted without also weighting nucleotide changes in the insertions. 
In situations where more than two patterns of indels were observed 
among the terminal taxa, the gaps were entered as multistate, unordered 
characters. Differential weighting of indels vs. site mutations has been 
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attempted (Baum et al. 1994), but no consensus on its appropriateness 
or degree of weights has emerged. 

The most dramatic change in the field is perhaps the recognition 
(finally!) that maximum parsimony is not the only, nor perhaps always 
the preferred, method of analysis for nucleotide sequence data. Most 
simulation tests continue to indicate that maximum likelihood (ML) is 
superior to either maximum parsimony (MP) or neighbor-joining (NJ) 
(Kuhner and Felsenstein 1994; Huelsenbeck 1995a, b; Schoniger and von 
Haeseler 1995) especially when substitution rates vary among sites 
(Tatenso et al. 1994). ML performs best when there is dependency of 
nucleotide sites, such as in the stem regions of rDNA (Schoniger and von 
Haeseler 1995). Comparisons of MP and ML have been done on real data 
sets as well (DeBry and Abele 1995). ML requires a model of sequence 
evolution dependent on GC content (Jansson et al. 1994), nucleotide 
biases (Bult et al. 1995; Morton 1995), substitution rates (Lockhart et al. 
1994; Morton 1994; Muse and Gaut 1994; Yang 1994) and specific rec- 
ommendations have been given for cpDNA (Muse and Gaut 1994). High 
substitution rates in 18S rDNA from holoparasites raise caution concern- 
ing the use of MP to accurately place these families and genera phyloge- 
netically (Nickrent and Starr 1994). It should be noted that Lamboy 
(1994) indicates that the accuracy of MP for morphological data might 
be even worse. In 83% of the simulations, the chance of finding the true 
phylogeny was less than 75%; and in 60% of the simulations it was less 
than 50%. Both authors of this review are beta-testers of PAUP 4.0* 
(Swofford, unpubl.) and recommend it in part because of the addition of 
ML and NJ algorithms to the basic MP option. 

Computational problems associated with ever larger numbers of taxa 
and nucleotide sites have been reviewed by DeSalle et al, (1994), Statisti- 
cal tests of DNA phytogenies are becoming increasingly common 
(Brown 1994; Hillis et al. 1994; Edwards et al. 1995; Hillis 1995; Li and 
Zharkikh 1995). Most molecular systematic papers include (and/or re- 
quired by editors) bootstrap and Bremer (decay) support values for 
branches, and are increasingly showing permutation support as well. 

With the trend to combine various molecular and/or morphological 
data (e.g., Doyle et al. 1994; Olmstead and Sweere 1994; Savard et al. 
1994; Smith and Sytsma 1994b), new issues must be dealt with (Bull et al, 
1993; Donoghue 1994; Larson 1994). Foremost among these are uneven 
sampling among the different data sets, missing data, the use of exem- 
plars, and the "ancestral character state" method (Donoghue 1994; Doyle 
et al. 1994; Kellogg and Linder 1995; Wiens and Reeder 1995; Wilkinson 
1995). Once these problems are dealt with, there remains the question as 
to whether the individual data sets and the combined data set are gen- 
erating significantly different phylogenetic trees. Farris et al, (1995) pre- 
sent a significance test for incongruence, a test used by Smith and Syt- 
sma (1994b) to show no significant incongruence between morphologi- 
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cal and cpDNA restriction site data sets in Columnea (Gesneriaceae). 
Other notable studies examining congruence or lack of it between vari- 
ous data sets include basal lineages of angiosperms (Doyle et al. 1994), 
monocots (Chase et al. 1995b), Poaceae (Kellogg and Linder 1995), 
Betulaceae (Savard et al. 1994), Solanaceae (Olmstead and Sweere 1994), 
Solanum sect. Lasiocarpa (Bruneau et al. 1995a), and Krigia (Compo- 
sitae; K.-J. Kim and Jansen 1994). 



4. Systematic Progress in Nonangiosperms 

Compared to our last review in Progress in Botany 55 (1994), considera- 
bly less molecular systematic work has been done on bryophytes and 
lower vascular plants, although much- needed studies on ferns are in- 
creasing. Mishler et al. (1994) and Manhart (1994) present in part the 
latest summary cladograms for the green algae and bryophytes (and 
vascular plants). The paraphyletic nature of the former two groups is 
obvious. Manhart (1994) emphasizes that rbcL is too divergent to be 
used at the land plant and green algae levels based on unusual relation- 
ships seen. In a similar fashion, Albert et al. (1994) consider the func- 
tional contraint limitations of rbcL in the context of land plant relation- 
ships. Whether density of taxon coverage and long branch attraction are 
perhaps more of a problem at the land plant level remains to be seen. 
However, rfocL continues to be used with success in understanding rela- 
tionships within narrower groups such as the leptosporangiate ferns and 
one subgroup, the dennstaedtioid ferns. Sequence variation analyzed by 
MP and NJ provide identical results in the leptosporangiate ferns 
(Hasebe et al. 1994). The two heterosporous water ferns, Marsilea and 
Salvinia, morphologically distinct from each other, are sister taxa. The 
three families of tree ferns (Cyatheaceae, Dicksoniaceae, and Metaxya- 
ceae) are monophyletic. In spite of soral similarities, the polypodioids 
are only distantly related to the gleichenioids. The tree ferns and Hy- 
menophyllaceae are sister to the dennstaedtioid ferns (Wolf et al. 1994). 
In addition, the Polypodiaceae and adiantoid ferns, usually separated 
from the dennstaedtioid ferns, emerge from within the latter group. A 
restriction site analysis of cpDNA in tropical tree ferns (Cyathaceae) 
supports one previous classification system and suggests novel ideas on 
character evolution of certain vegetative structures (Conant et al. 1994). 
A CpDNA restriction site study of the troublesome Polypodium vulgare 
species complex indicates that previously suggested relationships of the 
diploid species are supported, but that multiple and sometimes recipro- 
cal origins of the tetraploids must be invoked (Haufler et al. 1995). RFLP 
analysis of the homosporous ferns Ceratopteris thalictroides and 
C. richardii (Parkeriaceae) indicates that gene silencings have definitely 
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occurred in these higher chromosome number ferns (McGrath et al. 
1994b). 

A combination of cpDNA and nuclear sequences indicates that the 
last common ancestor of extant seed plants lived in the late Pennsylva- 
nian times (Savard et al. 1994). Major lineages of gymnosperms continue 
to be placed phylogenetically using both rbcL and nuclear 18S sequences 
(Chaw et al. 1993; Brunsfeld et al. 1994). The Taxodiaceae and Cupres- 
saceae are one family based on rbcL evidence with the Cupressaceae s.s. 
firmly embedded within Taxodiaceae (Brunsfeld et al. 1994). The result- 
ing Cupressaceae s. 1. is still not monophyletic unless Sciadopitys is re- 
moved. At lower levels, Picea (Smith and Klein 1994), Pinus (Boscherini 
et al. 1994), and Juniperus (Adams and Demeke 1993) are examined us- 
ing a variety of approaches (ITS, 18S, cpDNA restriction sites, and 
RAPDs). A CpDNA survey of Asian Pinus is consistent with morphologi- 
cal and other molecular evidence in defining two major lines or subgen- 
era {Strobus: haploxylon; Pinus: diploxylon) (Wang and Szmidt 1993). 
Delarossa et al. (1995) examine noncoding cpDNA in Mexican pines. 



5. Systematic Progress in Angiosperms 

rbcL continues to be the tool of choice for understanding broad relation- 
ships within angiosperms although other cp genes {atpB) and nuclear 
sequences (18S rDNA) are now being used more routinely (e.g.. Hoot et 
al. 1995; Nickrent and Soltis 1995). A critical review of the Chase et al. 
(1993) rbcL survey of seed plants is given by Baum (1993). A reanalysis 
of the large rbcL data set including 499 sequences of seed plants has been 
done with the specific aim of examining monocot relationships (Duvall 
et al. 1995). The major divisions of angiosperms, as discussed in detail in 
our last review of angiosperms in Progress in Botany 55 (1994), still are 
recognized. Doyle et al. (1994) attempt the first major combination of 
morphological and molecular (rDNA) data to address the issue of basal 
relationships of flowering plants. Although not conclusive, the problems 
of combining data articulated in this study will help the ongoing attempt 
to examine relationships from a total evidence perspective in other 
groups. 



a) Magnolids 

Suh et al. (1993) examine relationships among species of Winteraceae 
using ITS. These spacers are clearly adequate even within a family that is 
110 million years old!. The results are congruent with most morphologi- 
cal work. Tasmannia is basal in the family and should not be submerged 
into Drimys as has been suggested. Qiu et al. (1995a, b) examine the 
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North American-eastern Asia disjunct section Rytidospermum of Mag- 
nolia using cpDNA variation. The section is polyphyletic. A complex set 
of relationships exists between species of the two regions. Dates for the 
splitting of several of the vicariad pairs are given using molecular clock 
assumptions. Additionally, Talauma, Michelia, and Manglietia are vari- 
ously embedded within Magnolia. 



b) Rununculids 

A review of the interfamilial relationships in Ranunculidae based on 
molecular evidence is presented (Hoot and Crane 1995). A combination 
of 18S, rbcL, and atpB gene sequences was used to clarify relationships in 
the Lardizabalaceae (Hoot et al. 1995). The family is monphyletic with all 
but the rbcL data set. The three data sets provide generally congruent 
relationships with rbcL the most quickly evolving and 18S the slowest. 
This study will serve as a model for other detailed studies at the family 
level. The broadly circumscribed Anemone has been examined exten- 
sively using structural rearrangements of cpDNA, cpDNA site variation, 
nuclear rDNA site variation, and morphology (Hoot and Palmer 1994; 
Hoot et al. 1994). Surprisingly, the group exhibits parallel inversions of 
cpDNA. Few of the morphological defined sections are monophyletic; 
Hepatica is argued to be a monophyletic section of Anemone. Aquilegia 
continues to offer promise as a model system for understanding specia- 
tion from morphological, molecular, and ecological perspectives 
(Hodges and Arnold 1994). Only the Asian species of Aconitum have 
been examined (Kita et al. 1995). A major rearrangement of the cp 
genome with expansion of the inverted repeat by over 1 1 kb is found 
only in Berberis and Mahonia (Berberidaceae) (Y.-D. Kim and Jansen 
1994). In the continuing saga of the Papaveraceae, Jork and Kadereit 
(1995) provide cpDNA evidence (PCR- restriction site) that Meconopsis 
should be regarded as a paraphyletic base group of the Old World Pa- 
paveroideae which gave rise to a polyphyletic Papaver. A rapid radiation 
of North American desert genera of Papaveraceae, as seen with cpDNA, 
is argued to be due to major climatic changes in late Tertiary and Plio- 
cene (Schwarzbach and Kadereit 1995). 



c) Caryophillids 

Yet another molecular phylogenetic hypothesis for the Centrospermae 
and relatives is available based on restriction site mapping of the in- 
verted repeat in cpDNA (Downie and Palmer 1994). Two major clades 
are seen: the Amaranthaceae + Chenopodiaceae versus all other families. 
Phytolaccaceae and Portulacaceae are both polyphyletic. These results 
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differ from previous morphological and rbcL studies. At a lower level, 
ITS provides little support for generic boundaries in the tribe Sileneae 
(Caryophyllaceae; Oxelman and Lid^n 1995). Lychnis even broadly de- 
fined is not supported and Silene s.s. is paraphyletic. 



d) Rosids 

A restriction site analysis of the inverted repeat of cpDNA of the "higher 
hamamelids" gives a detailed phylogenetic hypothesis that is consistent 
with morphological analyses (Manos et al. 1993). A partial rbcL survey of 
the higher hamamelids, centering on Juglandaceae, clarifies the position 
of Juglandaceae (Gunter et al. 1994). A more detailed study of the Jug- 
landaceae (Smith and Doyle 1995) presents generic relationships and 
uses the fossil record to time other splits within the family. An RFLP 
survey of 13 of the 21 species of Juglans (Fjellstrom and Parfitt 1995) 
surprisingly shows that J. regia is not of recent origin but derived from 
one of the more ancient branches in the genus. The Datiscaceae is para- 
phyletic with affinities to the "higher hamamelids" (Swensen et al. 1994). 
A sectional classification with one new section named, for the genus 
Ulmus is based on cpDNA and rDNA restriction site variation (Wiegrefe 
et al. 1994). Sequences from the 5' flank of rbcL for four of the largest 
families of the order Celastrales indicate that the order is grossly 
polyphyletic with two main clades (Savolainen et al. 1994). 

The monophyly of several of the subfamilies of Rosaceae are suspect, 
using rbcL sequence data (Morgan et al. 1994). The follicle and achene 
fruit characters, previously important in the classification of Rosaceae, 
arise or are lost numerous times. ITS sequences do not support the 
monophyly of the Maloideae (Rosaceae) unless Vauguelinia is removed 
(Campbell et al. 1995). The Saxifragaceae is again the subject of an in- 
tensive survey, this time with matK (Johnson and Soltis 1994). There is 
high concordance between matK, rbcL, and cpDNA restriction site re- 
sults. The Crassulaceae and Sedum in particular are examined with 
cpDNA variation (van Ham and 't Hart 1994; van Ham et al. 1994). Con- 
gruence between cpDNA and both morphology and cytology are evident 
with Sedum sect. Rupestris (van Ham and 't Hart 1994). A progress re- 
port on the molecular phylognetics of Leguminosae is provided by Doyle 
(1995). Rearrangements in the legume cpDNA are further documented. 
ORF184 and rpsl6 are each lost multiple times in the Papilionoideae, 
and the intron of rpl22 has been lost at least four times in the subfamily 
(Doyle et al. 1995). Combined analyses of morphology and molecules 
with a definite biogeographic flavor continue in the tribe Robineae 
(Leguminosae; Lavin 1995; Lavin and Sousa 1995). Lupinus is shown not 
to be in the tribe Genisteae, using cpDNA (Badr et al. 1994). CpDNA 
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variation is not consistent with morphology and cytology in Leucena 
(Mimosoideae; Harris et al. 1994). Sphenostylis and Nesphostylis 
(Phaseoleae) are examined from both morphology and cpDNA restric- 
tion site variation (Potter and Doyle 1994). Old World Vigna are exam- 
ined with cpDNA (Vaillancourt et al. 1993). Variation in cpDNA indi- 
cates that the taxonomy of Vida faba and close relatives needs reas- 
sessment (Raina and Ogihara 1994). 

An ITS survey of Epilobium (Onagraceae) generates a resolved phy- 
logeny indicating the basal nature of n = 18 and lower chromosome 
numbers as derived (Baum et al. 1994). The previous genera Boisduvalia 
and Zauschneria are both embedded within Epilobium, with the former 
possibly polyphyletic. A phylogeny of Eucalyptus and Angophora 
(Myrtaceae) using 5S rDNA indicates that a taxonomic revision is in 
order (Udovicic et al. 1995). As previously suspected, the bloodwood 
species of Eucalyptus are more closely related to Angophora. The Malva- 
ceae have been examined with cpDNA restriction site mapping with 
many tribes and alliances not appearing monophyletic (LaDuke and 
Doebley 1995). The suggestion that introgression has occurred needs 
verification with nuclear markers. RFLP analysis further clarifies the 
origin of cotton (Brubaker and Wendel 1994). The family Simaroubaceae 
is shown by rbcL evidence to be artificial in that Leitneriaceae is embed- 
ded within in (Fernando et al. 1995). The "expanded" Capparales, or the 
glucosinolate order, keeps expanding. Nucleotide sequences of rbcL 
confirm that the enigmatic Australian family Gyrostemonaceae is indeed 
part of the Capparales (Rodman et al. 1994). The Brassicaceae continue 
to be the focus of much study. Price et al. (1994) review the status of 
Arabidopsis and its relationships to other nested genera using both mor- 
phology and molecules. A multidisciplinary study of Lepidium 
(Brassicaceae) shows agreement of cpDNA, isozymes, glucosinolates, 
and morphology (Mummenhoff et al. 1995). Four subgenera of Thlaspi 
s.l. based on seed anatomy are recognized by analysis of cpDNA restric- 
tion site variation (Mummenhoff and Koch 1994). The tribe Brassiceae 
continues to be dismantled (Warwick and Black 1995). 



e) Asterids 

The family Compositae maintains its number one ranking as the most 
intensively studied family from a molecular perspective, although 
Poaceae and Leguminosae are rapidly gaining. Kim and Jansen (1995) 
present the most detailed higher level set of relationships for the family 
using ndhV. This phylogeny is similar to previous ones but is more re- 
solved and better supported. The woody Dendrosenecio from Africa are 
shown not to be embedded, as some suggest, within Senecio s.s. or its 
close relatives (Knox and Palmer 1995b). Dendrosenecio is most closely 
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related to Cineraria deltoidea and two species of Euryops. ITS variation 
is low within the aureoid complex in Senecio but allows for some novel 
interpretations (lack of support for previously recognized groups; Bain 
and Jansen 1995). More specifically, the relationship of Senecio squalidus 
to close relatives is examined (Abbot et al. 1995). Chloroplast DNA and 
isozyme analyses indicate that Senecio nebrodensis and S. viscosus are a 
recent progenitor-derivative species pair (Kadereit et al. 1995). Senecio 
nebrodensis restricted to mountains in Spain is ancestral to the more 
weedy and widespread S. viscosus. As pointed out later (Sect. 8, Bio- 
geography) Senecio (and Dendrosenecio) are the basis of some very in- 
teresting biogeographical insights. Phylogenetics of the tribe Cardueae 
are resolved using ITS sequence variation (Susanna et al. 1995). Charac- 
ter evolution within the tribe Lactuceae is examined using a phyloge- 
netic tree generated from cpDNA restriction site data (Whitton et al. 
1995). The cpDNA analysis of Iva agrees well with morphology and 
chemical data, but taxonomic revisions involving dismantling para- 
phyletic sect. Iva and erection of a new section were warranted (Miao et 
al. 1995a). Similarly, Ambrosia s.l. is not monophyletic, as Hymenocloa 
is derived from within the former based on cpDNA (Miao et al. 1995b). 
They propose one larger genus (Ambrosia) with two subgenera. Ver- 
nonia is clearly paraphyletic and shows complex geographic relation- 
ships (Keeley and Jansen 1994). The genus Robinsonia is monophyletic 
based on ITS sequence analysis and the molecular results are congruent 
to those based on morphology (Sang et al. 1995b). The rate of ITS diver- 
gence in Robinsonia is estimated to be 7.8 x lO ’ per site per year. Addi- 
tional studies examine the coneflowers (Urbatsch and Jansen 1995), 
Scalesia (Schilling et al. 1994), and Eremothamnus (Bergqvist et al. 1995). 

Relationships of the Campanulales are presented using rbcL (Cosner 
et al. 1994). The Sphenocleaceae should be moved to Solanales and 
Stylidiaceae should be placed in Campanulales. Interestingly, Campanu- 
laceae and Lobeliaceae are not sister taxa. Based on cpDNA restriction 
site variation, Cyanea (Lobeliaceae), endemic to the Hawaiian Islands, 
includes the genus Rollandia (Givnish et al. 1995). The molecular dado- 
gram is not congruent with sectional classification, growth form, pres- 
ence of divided leaves and spines, or floral features. However, fruit color 
(orange or purple) exactly circumscribes the two main lines seen in Cy- 
anea. The circumscription of the Gentianales (including Rubiaceae) 
continues with rbcL (Bremer et al. 1994). The Rubiaceae has been the 
focus of considerable molecular systematic work. Bremer et al. (1995) 
provide an overview of the subfamily relationships using rbcL. Sequence 
analysis of the rbcL-atpB spacer provides hypotheses of relationships 
within Rubiaceae consistents with previous molecular results 
(Ehrendorfer et al. 1994; Manen et al. 1994b; Natali et al. 1995). Molecu- 
lar phylogenetics of the subtribe Gentianinae (Gentianaceae) inferred 
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from ITS sequences are concordant with morphology and recognize two 
groups: 

1. Gentiana, Crawfurdia, and Tripterosperm with plicate corolla; 

2. all other genera including Gentianella and Gentianopsis without pli- 
cate corolla (Yuan and Kiipfer 1995). 

The physaloid genera (Solanaceae) are examined with cpDNA restriction 
site variation (Mione et al. 1994). Solatium and relatives continue to be 
examined by a number of laboratories (Borisjuk et al. 1994; Spooner et 
al. 1995). An rbcL study of Hydrangeaceae indicates that epigyny comes 
and goes and that Hydrangea is not monophyletic (D.E. Soltis et al. 
1995b). Loasaceae belongs in Cornales as sister to Hydrangeaceae along 
with the reduced and anomalous aquatic Hydrostachys based on rbcL 
(Hempel et al. 1995). In the first matK analysis in plants, Steele and Vil- 
galys (1994) show that there is no support for the current separation of 
the temperate Polemoniaceae into two tribes and that the tropical genera 
are basal and paraphyletic. Gilia (Polemoniaceae) is polyphyletic, using 
ITS and matK sequences (Johnson and Soltis 1995). 

Acanthaceae has been examined with rbcL and ndh¥ sequences 
(Hedren et al. 1995; Scotland et al. 1995). Subfamily Nelsonioideae is 
sister to the rest of the family. Scrophulariaceae is polyphyletic, based on 
rbcL and ndh¥ sequences, even when liberally defined to include certain 
small families (Olmstead and Reeves 1995). Schlegelia and Paulownia 
are neither scrophs or bignons, the locations usually given for the two. A 
combined analysis of morphology and cpDNA restriction site variation 
indicates little disagreement between the two for tropical Columnea 
(Gesneriaceae; Smith and Sytsma 1994a, b). A cpDNA restriction site 
study of the subfamily Nepetoideae (Lamiaceae) indicates two inde- 
pendent switches to the gynobasic condition (Wagstaff et al. 1995). 



f) Monocots 

The monocots have been examined in detail during this review period 
and the excellent two-volume Monocotyledons: Systematics and Evolu- 
tion (Rudall et al. 1995) summarizes the current status of traditional and 
molecular studies in the group. 18S rDNA (Bharathan and Zimmer 1995) 
and rbcL (Duvall et al. 1995) surveys for monocots are congruent in 
identifiying major lineages and their relationships. The explicit attempt 
to combine both molecular (rbcL) and morphological data sets indicates 
that any discordance of the results between the two data sets probably 
does not reflect real differences but rather problems with rooting (Chase 
et al. 1995b). A detailed restriction site mapping study of the cpDNA 
inverted repeat has been presented for the monocots, the cladograms 
differing in some major ways from other molecular data (Davis 1995). 
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However, Southern blot and PCR analyses of the ORF 2280 region in the 
inverted repeat indicate that a series of deletions have occurred in the 
Commeliniflorae (Hahn et al. 1995), Homology assessment of restriction 
sites in the inverted repeat is thus problematic. 

The alismatids and aroids form one of the basal lineages in monocots 
(French et al. 1995; Les and Haynes 1995). The position of Acorus as sis- 
ter to the rest of monocots (Duvall et al. 1995) is not clear with 18S se- 
quence data (Bharathan and Zimmer 1995). rbcL analysis of 15 families 
of alismatids is useful in this group, where considerably different hy- 
potheses of relationships based on morphological data have been sug- 
gested due to homology interpretations (Les and Haynes 1995), A 
cpDNA restriction site survey of 86 genera of aroids indicate that 
monoecious aroids are monophyletic, contra to the prevailing wisdom of 
the times (French et al. 1995). Lemnaceae are embedded within Araceae 
but not related to Pistia. Anastomosing laticifers evolved at least twice in 
the aroids. 

The superorder Lilianae (sensu Dahlgren) has been masterfully sur- 
veyed (172 sequences of rbcL) and is shown to be a paraphyletic grade 
(Chase et al. 1995a), The large families Iridaceae and Orchidaceae are 
placed among Aspragales rather than Liliales. A new lineage, the xero- 
phytic dasypogonoids of Australia, is recognized for the first time by the 
molecular data and is allied with the commelinoids rather than the 
lilinoids. The Cronquistian scheme for Agavaceae (18 genera of fibrous- 
leaved, more or less woody genera) is polyphyletic (Bogler and Simpson 
1995). Based on cpDNA, the circumscription of Agavaceae matches al- 
most exactly that proposed by Dahlgren based in part on chromosome 
number. Considerable RFLP divergence occurs in a well-supported clade 
in Allium section Cepa (Alliaceae; Bradeen and Havey 1995), The phylo- 
genetic species concept is examined in the Corallorhiza maculata 
(Orchidaceae) complex using cpDNA in part (Freudenstein and Doyle 
1994a, b). Monophyly of Trilliaceae is supported by cpDNA if Scoliopus 
and Medeola are removed to the Uvulariaceae (Kato et al. 1995). Vera- 
trum (Melanthiaceae) appears close to Trilliaceae. Restriction site and 
rhcL sequence analysis of cpDNA in the tribe Polygonatae (Liliaceae s.l.) 
indicate substantial generic realignments with other tribes (families?) 
are in order (Shinwari 1994a, b, c). 

The Commeliniflorae arises out of the Lilianae but is well supported 
as a group with both molecular and morphological data (Duvall et al. 
1995; Hahn et al. 1995; Linder and Kellog 1995). Reflecting the slow rate 
of cpDNA evolution in Palmae, cpDNA restriction site variation for 59 
genera of Palmae does not produce as well a resolved tree as do com- 
bined molecular and morphological data (Uhl et al. 1995). Nypa is sister 
to all other palms; the Calamoideae is resolved as a second lineage; all 
other palms form the third lineage. Similarly, Kress (1995) indicates 
greater resolution in the Zingiberales with combined data that with mo- 
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lecular data alone. In addition, the combined data tree shows more sig- 
nal due to morphological data than to molecular data. Within Pont- 
ederiaceae, rbcL has limited value (Graham and Barrett 1995). However, 
Eichhornia is clearly an unnatural genus. The "selfing syndrome" that 
occurs multiple times in Pontederiaceae with its associated morphologi- 
cal features might be responsible for the discordance of molecular and 
mophological analyses. The Typhaceae, Eriocaulaceae, and Xyridaceae, 
families of uncertain relations, are grouped with Poales and Cyperales 
based on ORF 2280 deletions (Hahn et al. 1995). The Juncaceae and 
Cyperaceae are nested together based on rbcL evidence, indicating mul- 
tiple movements to reduced flowers (Plunkett et al. 1995). 

The Poales has been the subject of numerous studies at all levels. Re- 
lationships at the broadest level have been controversial and molecular 
data have been ambiguous, usually because of lack of appropriate sam- 
pling. A combination approach using morphology, cpDNA inversions, 
rbcL, rpoC2, and rRNA indicates that Flagellaria is basal and that Joinvil- 
leaceae is sister to Poaceae (Kellog and Linder 1995). Clark et al. (1995) 
sample extensively across Poaceae for ndhf variation and the results 
suggest that a new intrafamilial classification is in order. The neotropical 
herbaceous bamboos (tribes Streptochaeteae and Anomochloeae) are 
basal, with the Phareae arising next. The Pooideae are not basal or even 
near basal, as suggested by Nadot et al. (1994). The Bambusoideae s.l. 
and Arundinoideae are polyphyletic, supporting Barker et al. (1995). The 
ndh¥ results differ, sometimes substantially, from other though more 
limited surveys of the family (e.g., Davis and Soreng 1993; Nadot et al. 
1994). Lower-level studies using restriction site variation of cpDNA in- 
clude Andropogoneae (Al-Janabi et al. 1994), Puccinellia (Choo et al. 
1994), alliances of Muhlenbergia (Duvall et al. 1994), and Bromus (Pillay 
and Hilu 1995). 



6. Hybridization/Introgression 

The molecular and morphological perspective on hybridization and in- 
trogression in terms of character expression, phylogenetic reconstruc- 
tion, and the detection of reticulate evolution are reviewed by Rieseberg 
(1995), Rieseberg and Morefield (1995), and McDade (1995). Soltis and 
Kuzoff (1995) present a summary paper on the classic hybridization and 
introgression events in the Heuchera group (Saxifragaceae). In a series 
of studies reexamining the classic example of diploid speciation via hy- 
brid speciation, Penstemon sect. Peltanthera (Scophulariaceae) in south- 
ern California, Wolfe and Elisens (1993, 1994, 1995) present strong 
isozyme, rDNA, and cpDNA evidence refuting recent hybrid speciation. 
Instead, introgressive hybridization is occurring among well-established 
and distinct species. They further present a much-needed list of criteria 
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for distinguishing between ancient diploid hybrid speciation and intro- 
gression. 

Hybridization and introgression are now being identified and studied 
using a variety of new approaches. ITS sequencing, along with cpDNA 
variation, now permits insights into both nuclear and cytoplasmic intro- 
gression. Bidirectional cytoplasmic and nuclear introgression has been 
documented in New World cottons (Brubaker et al. 1993; Wendel et al. 
1995a, b). Documentation of reticulate evolution in Paeonia (Paeonia- 
ceae) using ITS sequence variation implies that biogeographical distri- 
butional changes due to climatic changes during the Pleistocene have 
allowed for hybridization of now allopatric taxa (Sang et al. 1995a). 
Moreover, evidence is presented that suggests the origin of novel combi- 
nations in hybrids of parental rDNA followed by concerted evolution; an 
interpretation which , if indeed correct, should cause concern in studies 
solely dependent on ITS evidence. DNA fingerprinting is used to reveal 
the hybrid origin of Rubus vestervicensis (Rosaceae; Kraft et al. 1995). 

Evidence for introgession is presented for a hybrid swarm of azaleas 
{Rhododendron, Ericaceae) on Stone Mountain, Georgia (Kron et al. 
1993). Introgression of Tripsacum and Zea is evident with a cpDNA 
phylogeny of Tripsacum (Poaceae) (Larson and Doebley 1994). It is 
noteworthy that cpDNA evolves faster in Zea than in Tripsacum which is 
consistent with a generation-time effect. Intraspecific cpDNA polymor- 
phisms in Andira (Leguminosae) are argued to be due to interspecific 
hybridization (Pennington 1995). Similarly, an unclear history of chlo- 
roplast capture is noted in Microseris douglasii as one of 22 plants sur- 
veyed contains the chloroplast genome of M. bigelovii (Roelofs and 
Bachmann 1995). 



7. Polyploid Origins 

Further progress in understanding the origin and evolution of poly- 
ploids has been made. Soltis and Soltis (1995) present the ongoing re- 
search that illustrate the dynamic nature of polyploid genomes. Genetic 
variation in the allotetraploids Tragopogon mirus and T. miscellus 
(Compositae) and their diploid progenitors indicates that the polyploids 
have arisen numerous and independent times (P.S. Soltis et al. 1995a). 
Multiple origins of allopolyploids in Microseris (Compositae) are also 
now documented (Wallace and Jansen 1995). Synthetic allopolyploids of 
Brassica have been followed through several generations and the 
genomes of their maternal and paternal parents tracked (Song et al. 
1995). Evidence for rapid genome change and implications for nuclear- 
cytoplasm evolution in polyploids are presented. Wendel et al. (1995a) 
demonstrate that bidirectional interlocus concerted evolution has oc- 
curred following allopolyploid speciation in Gossypium (Malvaceae). 
RAPD and RFLP markers indicate that Microseris scapigera 
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(Compositae) from Australia and New Zealand is an allotetraploid aris- 
ing after ancient hybridization (Bachmann 1995b). This hybridization 
occurred between perennial and annual North American species, with 
the annual (not extant) contributing the chloroplast genome. 

8. Biogeography 

The biogeography of a number of island taxa has been examined from a 
molecular phylogenetic perspective. The historical biogeography, as well 
as ecological specializations of the Hawaiian silversword alliance 
(Compositae), is summarized and updated in Baldwin and Robichaux 
(1995). A pronounced pattern of movement from older to younger is- 
lands is seen in the evolution of the silverswords. A cpDNA cladogram of 
Cyanea (Lobeliaceae) exhibits a pattern similar to that seen in the silver- 
sword group, with dispersal mainly moving from one island to the next 
younger island in the chain (Givnish et al. 1995). A minimum of 15 inter- 
island dispersal events is required to account for the origin of the 34 
species (39 populations) of Cyanea (with Rollandia) considered in this 
study. The origin for Cyanea is estimated as roughly 8.7 to 17.4 million 
years ago, placing it on a former tall island somewhere between Nihoa 
and French Frigate Shoal, some 400 to 1100 km northwest of Kauai. Nu- 
clear RFLPs of Hawaiian populations of the fern Ceratopteris 
(Parkeriaceae) indicate that they originated from the Neotropics and not 
from Asia as previously suspected (McGrath et al. 1994a). The endemic 
genus Dendroseris (Compositae) from the Juan Fernandez Islands were 
examined for biogeographic patterns using ITS sequences (Sang et al. 
1994). A cpDNA analysis of the Macaronesian endemic genus Argyran- 
themum (Compositae) generates results not congruent with morpho- 
logical analysis (Francis-Ortega et al. 1995). Argyranthemum might rep- 
resent a relictual genus that found refuge in the Macaronesian Islands 
after the first northern hemisphere ice age led to massive extinction of 
plants in the Mediterranean basin. A cpDNA analysis of Dendrosenecio 
in the East African mountains provides a framework for addressing bio- 
geographic relationships and modes of speciation in the genus (Knox 
and Palmer 1995a). 

Several types of disjunct patterns of distribution have been examined 
from a molecular phylogenetic perspective. Lavin (1995; Lavin and 
Sousa 1995) extends his arguments for a "boreotropics" model for the 
diversification of tropical legumes. Using the tribe Robinieae as the 
model, he demonstrates with a molecular phylogeny an Early Tertiary 
northern latitude diversification for the tribe with subsequent dispersal 
towards both the neotropics and paleotropics. A cpDNA phylogeny indi- 
cates that the North American desert annual Senecio mohavensis 
(Compositae) is nested within Senecio flavus subsp. breviflorus from the 
deserts of southwest Asia (Liston and Kadereit 1995). A novel explana- 
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tion of recent long-distance dispersal between pluvial lakes in the Holo- 
cene with subsequent introgression is invoked. Senecio flavus is adapted 
to bird dispersal. A chloroplast DNA phylogenetic study of the eastern 
Asia-eastern North American disjunct section Rytidospermum of Mag- 
nolia indicates that onlyM. tripetala of southeastern U.S. has sister rela- 
tionships to Asian taxa (Qiu et al. 1995a, b). This divergence occurred 
relatively recently (late Miocene to early Pliocene). Other American 
species are not related to Asian species, as previously thought. Likewise, 
a morphological and molecular comparison of another eastern Asian 
and eastern North American vicariad pair, Campsis grandiflora and 
C. radicans (Bignoniaceae), provides the highest cpDNA divergence of 
any north temperate disjunct taxa pairs (Wen and Jansen 1995). A 24.4- 
million year separation is calculated with a Beringian rather than North 
Atlantic route of migration. Blattner and Kadereit (1995) provide 
cpDNA evidence for three intercontinental disjunctions in Papaveraceae 
subfam. Chelidonioideae. Two of these are eastern Asian-eastern North 
American disjuncts, but the third is a rare disjunct between eastern Asia 
and Central and South America. cpDNA variation (a 13 bp duplication 
in tRNA leul intron) in Quercus (Fagaceae) is used to trace a more re- 
cent, postglacial, migration route of oaks into Britain from Europe 
(Ferris et al. 1995). 



9. Interfacing Ecology and Systematics 

An important trend that is making progress is the use of molecular 
phylogenies to assess ecological character evolution. Phylogenetics and 
Ecology (Eggleton and Vane- Wright 1994), one of the first volumes de- 
voted to this topic, is mainly dealing with morphological cladograms, 
often with explicit and conscious inclusion of characters in the data set 
that are themselves the object of evaluation. This interfacing of ecology 
and systematics is perhaps no more important than in groups that have 
undergone adaptive radiation. The striking adaptive radiations in the 
Hawaiian silverswords and lobelioids have been studied from a molecu- 
lar perspective to understand the change in ecological parameters in- 
volving habitat, growth form, pollination biology, and fruit dispersal 
(Baldwin and Robichaux 1995; Givnish et al. 1994, 1995; respectively). 
The molecular phylogeny of Cyanea indicates that the dominant trend is 
ecological specialization towards wet and interior forests from drier and 
more open habitats (Givnish et al. 1995). Palm-like habit has evolved at 
least three times in the genus. Floral size and shape are little correlated 
with the cladogram. The independent and correlated acquisition of leaf 
developmental heterophylly and thorns in at least four clades in Cyanea, 
based on the molecular cladogram, strongly suggest that these features 
have arisen in defense against herbivory by now extinct flightless birds 
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(Givnish et al. 1994). This hypothesis may also provide a general expla- 
nation of insular heterophylly in the floras of New Zealand, New Cale- 
donia, Madagascar, and the Mascarene Islands. Each of these isolated 
oceanic islands and archipleagoes was populated by various groups of 
flightless birds (moas, Sylviornis, elephant birds, and possibly dodos, 
solitaires, or rails, respectively) that acted as the primary terrestrial 
browsers. On a smaller scale, Bachmann (1995b) examines with nuclear 
RFLPs the adaptive radiation of Microseris scapigera (Compositae) after 
its arrival in Australia and its switch to obligate outcrossing. 

A second area of interfacing ecology and molecular systematics is in 
coevolutionary studies (Yokoyama 1994). Swensen et al. (1994) first sug- 
gest with rbcL evidence that the plants with the ability to fix nitrogen 
might be more closely related than previously thought. A wider survey of 
angiosperms subsequently indicates that the predisposition for symbi- 
otic nitrogen fixation in angiosperms has a single origin (D.E. Soltis et al. 
1995a). Not surprisingly, the molecular phylogeny of the symbiotic 
actinomycetes of the genus Frankia matches host-plant infection proc- 
esses (Cournoyer et al. 1993). An analysis of Yucca (Agavaceae) and its 
obligate yucca moth pollinators gives some surprise (Bogler et al. 1995). 
An overlay of pollination types on the molecular phylogeny of Yucca and 
relatives suggests multiple origins of the yucca-yucca moth association 
and convergence of Y. whipplei flowers to flowers of other yucca moth- 
pollinated species. The reanalysis of breeding systems in Pontederiaceae 
in light of the molecular phylogeny provides similar examples of plastic- 
ity in breeding systems (Graham and Barrett 1995). In contrast to 
cladistic analysis of morphological data, the molecular data indicate that 
multiple losses of the sexual tristyly have occurred within Eichhornia. 
These breeding systems are associated with a series of morphological 
characters that follow the breeding system and provide the basis for dis- 
cordance of morphology and molecules. 



10. Future Prospects and Problems 

In our last review of molecular systematics in Progress in Botany 55 
(1994), we highlighted four areas of future prospect or problem: (1) the 
analysis of DNA data, (2) the search for alternative genes or DNA re- 
gions, (3) coevolutionary studies using molecules to track the evolution 
of the different organisms involved, and (4) interfacing of developmen- 
tal genetics and phylogenetic systematics to understand morphological 
evolution. As is obvious from this chapter, we have made progress in all 
four of these areas during the past 2 years, in some more than in others. 
The link between genetics, development, and phylogenetic systematics is 
making exciting progress (e.g., Doebley 1995). Genetic mapping of floral 
traits associated with reproductive isolation in monkeyflowers {Mimu- 
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lus) is the first step in understanding speciation within this group of 
species (Bradshaw et al. 1995). The isolation of genes responsible for 
floral formation, development, and evolution in Arabidopsis and other 
model plants (Meyerowitz 1994; Mandel and Yanofksy 1995) should be 
the catalyst for asking more interesting systematic and evolutionary 
questions. 

The area of adaptive radiations must certainly be added to the list. 
There is as yet no agreement on whether characters of ecological impor- 
tance under study should be included in the data set to derive the phy- 
logeny from which the evolution of the characters will be examined. Re- 
moval of these characters under study and the use of independent mor- 
phological or molecular data for producing the phylogeny have been 
advocated on the grounds that convergent evolution in sets of linked 
characters is possible and thus misleading (Givnish et al. 1994, 1995; 
Graham and Barrett 1995). However, Brooks and McLennan (1994) ar- 
gue that these characters should not be removed a priori, citing "total 
evidence" as a defense. Is this wise or justifiable in light of the examples 
given above? 

A final area of concern is the role that molecular systematics will have 
in shaping the discussion of species definitions, use of paraphyletic taxa, 
phylogenetic history within species, and coalescence. Rieseberg and 
Brouillet (1994) argue with examples from molecular systematics that 
many plant species are paraphyletic, and that this is a reflection of the 
steps that "species" go through during evolution. On similar grounds, 
Olmstead (1995) pleads for maintaining plesiomorphic species. Charac- 
ter-based or history-based definitions of species (Baum and Shaw 1995) 
will certainly have to deal with information obtained in molecular sys- 
tematic studies. As a final thought, Maddison (1995; see also Crandall et 
al. 1994) argues cogently that the disagreement between trees from dif- 
ferent genes is seen both within populations and among species, and 
thus there is no sharp line between population biology and phylogenetic 
biology. Such potential disagreement is an intrinsic feature of phyloge- 
netic analysis, whether molecular or morphological characters are used. 
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E. Geobotany 

I. Vegetation Science in Northern Europe 

By Klaus Dierssen 



1. General 

Ecological research is carried out at four levels of integration: the organ- 
ism level, the population level, the community level and the landscape 
level. Vegetation science incorporates plant ecology at the community 
and landscape level, i.e.,the study of relationships within the vegetation, 
within vegetation complexes and between vegetation and environmental 
factors, but also including aspects of population ecology, vegetation dy- 
namics, vegetation history, and the practical application. A delimitation 
between phytosociology and vegetation ecology seems arbitrary and 
neglects the up-to-date mainstream of community ecology, which con- 
siders both floristical/structural as well as functional aspects. The pres- 
ent chapter, therefore, tries to combine these aspects, and is focused on 
community and site types and their complexes in northern Europe. The 
area includes the temperate, boreal, and arctic zone from Denmark to 
Svalbard, vegetational sections with a different degree of oceanity and 
altitudinal belts from sealevel to alpine environments. Bioclimatic as- 
pects are reviewed by Nordseth (1987) and Tuhkanen (1987), for Iceland 
in detail by Glawion (1985). 

Boreal and arctic ecosystems to date are usually less influenced by 
man than temperate and mediterranean ones. Nevertheless, they show 
both indirect impacts of climatic change and direct responses to indus- 
trial development and pollution. There is need of detailed studies on the 
composition and dynamics of plant communities and ecosystem func- 
tions, but a synthesis is still missing (i.e., Walker et al. 1994). Recently, 
the number of comparative surveys has increased. Yurtsev (1994) gives a 
phytogeographic zonation and floristic subdivision of the Arctic. Actual 
regional comparisons on altitudinal and topographic vegetation gradi- 
ents were focused on the south Scandinavian ^ell area (Dahl 1987b), 
Central Norway (Moen 1987, 1988), and subarctic northern Scandinavia 
from Troms to eastern Enontekio (Oksanen and Vitanen 1995). 

Functional aspects in the delimitation of vegetation zones, their sec- 
tions, and the distribution limits of relevant key species are often differ- 
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ences in heat and cold resistance and energy budget at different tem- 
peratures (Gauslaa 1984; Dahl 1986, 1992a). 

After Peistocene glaciation, most plants and animals reinvaded 
Scandinavia from the southwest and the northeast. The "Nunatak" hy- 
pothesis, however, proposes that amphi-Atlantic species, well adapted to 
arctic and alpine sites, survived at least the last glaciation (Weichselian) 
in unglaciated Scandinavian refugia. These refugia are proposed to have 
been mountain tops protruding above the inland ice sheet as well as 
coastal refugia, where inland ice calved into deep water (i.e., Dahl 1987a, 
1989, 1990, 1991, 1992b; Gjasrevoll 1990, 1992). An alternative, so-called 
tabula rasa hypothesis, considers that no plants and animals survived 
the entire last glaciation in Scandinavia. In the latter case, they must 
have survived outside the ice sheet and subsequently gone back as de- 
glaciation proceeded during the late Glacial and Holocene. The main 
arguments presented to support the Nunatak hypothesis are the occur- 
rence of endemic taxa within the Scandinavian alpine flora and the dis- 
junct distribution pattern shown by many alpine plants today. Neverthe- 
less, from the viewpoints of systematics and evolutionary biology, none 
of these endemics is necessarely very old (i.e., Borgen 1987; Nordal 1987; 
Nordal et al. 1988; Jonsell 1990; Haraldsen et al. 1991; Brochmann 1992; 
Brochmann et al. 1992), and the present-day distribution pattern of most 
alpine plants can be explained by the effects of modern topography, 
climate, and bedrock (Birks 1993). There is, especially from the study of 
plant macrofossiles, little doubt that unglaciated areas existed in Scandi- 
navia, Iceland, and Svalbard (Dahl 1987a, 1992b; Nesje et al. 1987, 1988; 
Kelletat 1991), and that species with an arctic-alpine distribution grew to 
the south, west and east of the last glacial icemargins (e.g., Liedberg 
Jonsson 1988; Aim and Birks 1991; Birks 1993), and may have spread 
rapidly from these areas under the open conditions following deglacia- 
tion. Their probably more continuous late Glacial distribution became 
fragmented as a result of Holocene climatic changes and resulting soil 
and forest development. 

Paleoecologic studies reflect an overall complex interaction of cli- 
mate, environment, and man during the Holocene (the last 10 ka). The 
human impact has gradually increased since neolithic times, but, except 
for coastal areas, decreases towards the north. Land use practices in 
prehistoric and historic times in southern Scandinavia caused defores- 
tation and other disturbances like gradual soil deterioration and, espe- 
cially in recent times, an accelerated impoverishment of vegetation. 
Landscape changes and the development of agro-ecosystems are best 
known from Denmark, South Sweden, and South Finland (i.e., Berglund 
1985; Myhre 1985; Tolonen 1985; Jokipii 1987; Sarmala 1987; Tolonen 
and Kukonen 1989; Vasari 1990). The results of an interdisciplinary 
project from the Ystad region, Scane, about the 6-ka development of the 
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axltural landscape have recently been published in an exceptionally well- 
compiled survey (Berglund 1991). 

Supraregional comparisons of recent vegetation types are given by 
the Nordiska Ministerraded (1984) and, for Norway, by Fremstad and 
Elven (1987). 

Recent surveys on vegetation types are given by Vevle (1983) for 
Norway. 

The regional vegetation composition is presented in various mono- 
graphs, i.e., 0kland and Bendiksen (1985) from Telemark, South Nor- 
way, as well as vegetation maps in different scales, i.e.. Anonymous 
(1978-1984) for the Swedish Qell area; Brattbakk (1985, 1986) and 
Thannheiser (1992) from different parts of Svalbard, Seppala and Rastas 
(1980) for northernmost Finland; Dahl et al. (1986) for Norway, Heikki- 
nen and Kalliola (1988) for the Kevo Nature Reserve, Finnish Lappmark. 
Some comments on the syntaxonomic and nomenclatural treatment of 
Scandinavian-type associations and sociations are given by Moravec 
(1993). 

A textbook of the modern Scandinavian approach to vegetation ecol- 
ogy is by 0kland (1990a), emphasizing theory and numerical methodol- 
ogy and using examples from northern ecosystems. 



2. Plant Community and Site Complexes 

a) Forests 

Forest ecosystems play an important role in boreal regions. In Sweden, 
forests cover about 23.7 mill, hectares, i.e., 58% of the land surface. 

The timberline forests in northern Fennoscandia are birch-dominated 
in both oceanic and moderately continental areas. Betula, especially in 
the north, is episodically damaged by outbreaks of Epirrita autumnata. 
The ecological limitations for this geometrid are fairly well known: 
topoclimate regulates the cold hardiness of the eggs (Tenow and Bylund 
1989; Tenow and Nilsson 1990), while photosynthetic light response and 
nitrogen utilization stimulate the defense of the host by wound-induced 
proteinase inhibitors (Haukioja and Hanhinmaki 1985; Haukioja et al. 
1985, 1991; Larsson et al. 1986; Karlsson and Nordell 1988; Tuomi et al. 
1990; Karlsson 1991; Hanhinmaki and Senn 1992). 

Fluctuating tree lines of different species in Central Sweden and their 
environmental control (duration of snow cover, length of vegetation 
period, soil nitrogen and carbon turnover, wind erosion in winter, sum- 
mer drought, grazing) were studied by Kullman (1983, 1986, 1992, 1993), 
Jalkanen (1985), Hadley and Smith (1989), Pietilainen et al. (1991), Davis 
et al. (1991) and Oksanen et al. (1995). Timberline studies include as- 
pects of tree survival, regeneration pattern, vegetation history, and 
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phytogeography alongside the closed distribution limit and on isolated 
occurrences of spruce, Picea abies, and pine, Firms sylvestris, within the 
range of subalpine-subarctic birch forests in NE Scandinavia and the 
(sub)continental mountain chain of southern and central Fennoscandia 
(Agren and Zackrisson 1990; Bradshaw and Zackrisson 1990; Briffa et al. 
1992; Oksanen 1995b). Possible causes for existing in isolated exclaves 
include the ability of spruce and pine to defend positions obtained dur- 
ing the hypsithermal and their ability to expand their range under cur- 
rent climatic conditions, as well as the existence of dispersal barriers 
between the present limit of continuous spruce forests and possible po- 
tential areas north of it (Kullman and Engelmark 1991). Cold-induced 
dieback of montane spruce and pine forests in the Swedish Scandes 
might be interpreted as a modern analogue of paleoenvironmental proc- 
esses (Kullman 1989, 1991a, b; Kullman and Hogberg 1989; Kullman and 
Engelmark 1990). 

Recurring wildfires and man-induced fires have played a major role 
as a disturbance agent in boreal forest ecosystems (Engelmark 1984; 
Zackrisson and Ostlund 1991; Granstrom 1993). Some, but not all, 
spruce swamp forests surrounded by drier sites in long-term perspective 
may have functioned as fire-free refugia (Hornberg et al. 1995). 

Floristic differences in boreal forest types chiefly originate from gra- 
dients in soil water content and nutrient availability (Arnborg 1990). 

The relations between site productivity, environmental factors, spe- 
cies composition, and structure of pine forests are investigated in differ- 
ent areas, i.e., Nieppola and Carleton (1991) in southern Finland and 
Oksanen and Ahti (1982) and Oksanen (1986) for lichen-rich pine forests 
all over Finland. 

Lichen-rich pine forests (Cladonio-Pinetum) occur on dry sandy soils 
especially in continental Fennoscandia. In northern Finland the sites are 
heavily grazed by semidomestic reindeer. Grazing has increased the 
abundance of bryophytes and the number of species, whereas especially 
Cladina stellaris have almost disappeared from the most intensively 
grazed sites. Grazing seems to increase the pH and to decrease Al and Fe 
in the soil, but there is no corresponding change in forest productivity 
(Vare et al. 1995). 

In contrast to oligotraphent pine forests, those of Norwegian spruce 
(Picea abies) occur at sites with sufficient availability of nutrients. Re- 
cent investigations are focused on the structure and regeneration pat- 
terns of virgin forest stands and those influenced by man in Northern 
Sweden and Finland (Hytteborn et al. 1987; Leemans and Prentice 1987; 
Prentice and Leemans 1990; Liu Quinghong and Hytteborn 1991; Vanha- 
Majamaa and Lahde 1991; Bredshaw and Hannon 1992; Hornberg et al. 
1992; Bredshaw 1993; Hofgaard 1993; Kuulavainen 1994). Natural dis- 
turbances by storms and gap dynamics maintain a high level of suitable 
establishment niches for both spruce regeneration and a high diversity 
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of cryptogams in all stages of decomposition (Andersson and Hytteborn 
1991; Hytteborn et al. 1991; Jonsson and Esseen 1990). 

The geographical vicariant forest associations described and recog- 
nized in Norway are summarized by Kielland-Lund (1994). Regional 
forest descriptions concern Finnmark (Johansen and Nilsen 1983; Jo- 
hansen 1986; Mehus 1986), Corylus avellana coppices on the SW coast of 
Norway (Rosberg and 0vstedal 1987), and Telemark (0kland and 
Bendiksen 1985). Synchorological aspects of basiphilous pine forests in 
Fennoscandia (Kl. Pulsatillo-Pinetea) are discussed by Bjorndalen 
(1985). Fremstad (1983) characterizes the ecological amplitude of black 
alder {Alnus glutinosa) in SW Norway with special respect to 
oligotrophic and acidic sites. Elm-lime forests (Ulmo-Tilietum), often 
pollarded in former times (Austad 1985, 1988; Austad and Skogen 1990), 
were classified in a European survey by Clot (1990). 

Recent phytosociological investigations in temperate and hemiboreal 
areas including site characteristics concern alder and ash forests in 
south Sweden (Brunet 1991, 1993, 1994) and NW Russia (Botch and 
Smagin 1993) and deciduous forest vegetation of the boreo-nemoral 
zone in southern Scandinavia (Diekmann 1994). 

The influence of acid depositions on boreal forest ecosystems espe- 
cially in Southern Fennoscandia, is stressed by many authors, i.e., Hut- 
tunen and Laine 1983; Agren 1984; Falkengren-Grerup 1986, 1989, 1995; 
Bergkvist 1987; Tuomisto 1988; Aune et al. 1989; Bengtsson 1992; 
Bergkvist and Folkesson 1992, 1995; Falkengren-Gerup and Tyler 1993; 
(review articles by Tamm and Hallbaken 1988; Tamm 1989, 1995; 
Eriksson et al. 1992). The observed declines in soil pH and in base cation 
pools have significantly influenced the chemical properties of forest soils 
and vegetation composition including macrofungis, epiphytic lichens, 
and bryophytes (Puhe et al. 1986; Vaisanen 1986; Hallingback and Gus- 
tavsson 1988; Ekman 1990; Riihling and Tyler 1990a, b, 1991; Halling- 
back 1991; Gulden et al. 1992; Laine et al. 1994; Olsson 1995; Sjogren 
1995). The sulfur deposition has clearly decreased by 40-50% in the plast 
decade. Further decreases are expected, but are insufficient in the most 
sensitive ecosystems to reach down to or below the critical loads. For 
nitrogren deposition no trends are apparent (Grovblad et al. 1995; Sver- 
drup and Warfvinge 1995). 

Modern intensive forest management and exploitation lead to a uni- 
form structural pattern of the sites, which is disastrous for a majority of 
forest species (Linder and Ostlund 1992; Ostlund 1993; Haila 1994). De- 
rived from this problem, a representative reserve network, especially of 
old-growth sites, should be systematically assessed, and future forest 
management operations ought to be planned and realized by a sustain- 
able method of timber production (Korsmo 1991a, b; Esseen et al. 1992; 
Angelstam and Holmer 1993; Syrjanen et al. 1994). 
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Inland lakes, springs, rivulets, and rivers in Fennoscandia show a 
marked diversity concerning catchment area, paleohydrological devel- 
opment, hydrochemical and sediment characters, productivity, trophic 
and saprobic status, and last but not least, human impact (i.e., Hakanson 
and Jansson 1983; Digerfeldt 1986; Bearing et al. 1987). 

Investigations on macrophytes and their communities were concen- 
trated on ecophysiology like CO^ utilization, nutrient transport, carboxy- 
lation capacity, aerial and submerged photosynthesis, and minimum 
light requirements in the submerged phase (Nilsson et al. 1991a, b; Sand- 
Jensen and Madsen 1991; Madsen et al. 1993; Nielsen 1993; Pedersen and 
Sand-Jensen 1993) and productivity as well as life strategies (Kautzky 
1987, 1988). 

Detailed information on autecology, community ecology, productiv- 
ity, and site characteristics are presented for oligotrophic charophyte 
habitats (class Charetea fragilis; Blindow 1988, 1991; Voge 1988; Kaire- 
salo et al. 1989; Hargeby 1990; Kleiven 1991), more eutrophic pondweed 
communities (class Potamogetonetea; Luther 1983; Madsen and Sand- 
Jensen 1987; Madsen and Adams 1989; Nielsen and Sand-Jensen 1993) 
and from shallow lake site isoetid vegetation (class Littorelletea). Epi- 
phyte shading in meso- to slightly eutrophic sites limits the depth distri- 
bution of the slow-growing species (Sand-Jensen and Borum 1984; Sand- 
Jensen 1990; Frost-Christensen and Sand-Jensen 1992). In acidified 
lakes, isoetids are suppressed by Sphagnum species and Juncus bulbosus 
(Morling et al. 1985, Svedang 1990). 

Productive helophyte communities (class Phragmiti-Magnocaricetea) 
are best developed alongside eutrophic and hypertrophic lakes, espe- 
cially in southern Fennoscandia, and the most prominent key species, 
Phragmites australis, is well investigated concerning productivity, life 
cycle, mineral content, and nutrient limitations from different sites 
(Gran^li 1985, 1989, 1990; Grandi and Solander 1988; Weisner and Ek- 
stam 1993). 

Plant communities along riverbanks are central elements in the natu- 
ral landscape, interacting with terrestrial and aquatic ecosystems. They 
are dynamic and species-rich (Kalliola and Puhakka 1988; Nilsson 1992). 
Nilsson et al. (1994) tried to quantify the differences in species richness 
and frequencies of vascular plants between the Vindel River and its in- 
terconnected tributaries. The main channel shows a higher species rich- 
ness per side, mainly due to steeper environmental gradients of the river 
banks, showing differences in altitude above main water level, sub- 
strates, and mean annual discharge (i.e., Nilsson et al. 1989, 1991a, b). 

Human impact (acidification and eutrophication) on lake and river 
ecosystems is investigated by different teams from various regions 
(Toivonen 1985; Tolonen et al. 1986; Persson et al. 1989; Toivonen and 
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Back 1989; Kauppi et al. 1990; Kamari et al. 1991; Renberg et al. 1993). 
Andersson and Olsson (1985) gave a well-documented case study from 
lake Gardsjon, SW Sweden. The reduced water quality und ecosystem 
function lead to different restoration strategies, which should include a 
sustainable management of the catchment area as well (Bjork 1988, 1994; 
Broberg 1988; Brix and Schierup 1989). 



c) Mire Vegetation 

Boreal mires in Fennoscandia were traditionally described in more detail 
than most other ecosystems. Especially in the north, they are far less 
disturbed by human impact than in central Europe and southern Scan- 
dinavia, and offer a field for studies on vegetation and site dynamics and 
development (Foster et al. 1983, 1988; Seppala and Koutaniemi 1985; 
Seppala 1986, Foster and Fritz 1987; 0kland 1989a). Sjors (1990) stressed 
the different origin of microtopographic patterns in ombrotophic and 
minerotrophic mire sites due to a deviating hydrology and decay espe- 
cially in the flark (in fens) and hollow level (in bogs). Swanson and Gri- 
gal (1988) offered a simulation model of mire patterning. In addition, 
the growth pattern and biomass distribution above and below ground of 
vascular key species, as well as the photosynthesis and productivity of 
Sphagnum species at different water levels in mire microsites, is investi- 
gated for various mire sites (Wallen 1986, 1987; Wallen et al. 1988). 

At present, the major environmental gradients in mire vegetation and 
sites are considered to be well known (Maimer 1986; Okland 1989b, 
1990a,c; Moen 1994), and responses of plant species to major environ- 
mental factors are known in detail. The depth of the water table is the 
most important variable in the structuring of vegetation (Okland 1986, 
1989b, 1990b). Distribution limits of vascular plants along the water ta- 
ble gradient can mostly be described by the physiological tolerance of 
individual species to desiccation or waterlogging and anaerobic condi- 
tions. The dominant Sphagnum species of wet mire sites experience in- 
terspecific competition (Rydin and McDonald 1985, Rydin 1986). Mor- 
phological tradeoffs between maximal growth rate and drought resis- 
tance differentiate the major species in a sequence from more competi- 
tive species {Sphagnum balticum, S. papillosum) occurring in lawns to 
more stress-tolerant ones {Sphagnum fuscum in continental and boreal. 
Sphagnum imbricatum in oceanic sites) predominating on hummocks 
(Lindholm 1990; Silvola 1990; 0kland 1990c, 1992). 

Besides hydrology, the different nitrate assimilation in both coexist- 
ing vascular plants and bryophytes is a key for vegetation differentiation 
in various mire, swamp, and fen types (Hogbom and Ohlson 1991). Es- 
pecially bog vegetation growth is limited by atmospheric nitrogen supply 
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(Damman 1988; Maimer 1988, 1990, 1992, 1993; Aerts et al. 1992; Maimer 
and Wallen 1993). 

Aboveground production and growth dynamics of vascular mire 
plants are known from different mire site types (Back^us 1985), Never- 
theless, belowground phytomass plays an important role in mire com- 
plexes (in vascular plants up to nine times higher than the aboveground 
phytomass: Wallen 1986; Back^us 1990). The highest concentrations of 
macronutrients have been found in young leaves, young shoots, and fine 
roots (Maimer and Wallen 1986; Ohlsson and Maimer 1990). Young 
ramets in Carex species are especially rich in nutrients (Bernard et al. 
1988). 

Sphagnum-dominated peat-forming systems are composed of two 
functional layers: the biologically active, oxygenated, porous acrotelm, 
overlaying a more or less deep, permanently waterlogged catotelm. Peat 
decay and compaction in acrotelm cores from ombrotrophic sites can be 
determined from a quantified analysis of Sphagnum macrostructure 
(Johnson et al. 1990). Several studies have been performed to examine 
the decomposition of plant litter in geographically varied mire sites and 
on small-scale gradients (Ohlson 1987). The annual transfer of organic 
matter to the litter layer in hyperoceanic temperate bogs is about ten 
times greater than in subcontinental subarctic ones. Nevertheless, the 
accumulation of slowly decaying organic material in the catotelm does 
not correlate with the degree of oceanity, but instead depends on the 
bog’s hydrology (Maimer and Wallen 1993). 

Scandinavian mires have been classified at mire complex level with 
common features in hydrology, peat stratigraphy, and the general ar- 
rangement of surface patterns, and at site level to make detailed analyses 
of ecological and microtopographical variation (Pakarinen 1995). Recent 
surveys on vegetation classification are given by Eurola et al. (1984), 
Dierssen and Dierssen (1985a), Eurola and Holappa (1985), Botch and 
Smagin (1993), and Moen (1994), and use clustering and ordination 
techniques (Galten 1987; 0kland 1989b, 1990b). Circumboreal compari- 
sons on the basis of vegetation composition and structure as well as 
ecological charateristics are discussed by Vitt et al. (1990), Jeglum 
(1991), Damman (1995), and Pakarinen (1995). Classification concepts 
of Finnish mire vegetations conventionally combine structural and 
floristic aspects of dominant species as well (i.e., Eurola et al. 1984; Eu- 
rola and Holappa 1985). Classification approaches in Sweden and Nor- 
way try to combine microgradient descriptions with hierarchical floristic 
concepts (Nordiska Ministerradet 1984; Moen 1990, 1994). In NW Rus- 
sia, the Braun-Blanquet system is adopted (Botch and Smagin 1993). 

Mires and peatlands are among the world's most endangered ecosys- 
tems. For instance, in southern and central Finland, virgin mire vegeta- 
tion accounted in the late 1980s for only 26% of all peatlands (Eurola et 
al. 1991). Global and national mire conservation action plans are needed 
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to promote conservation of mire ecosystems through nature protection, 
sustainable wise use, and management practices (Moen 1995a). Several 
detailed national plans still exist for mires or wetlands in general from 
the northern countries (Lofroth 1991; Lonnstad and Lofroth 1994; Aa- 
pala et al. 1995; Aapala and Lindholm 1995; Eurola and Hanhela 1995; 
Forslund 1995; Heiliila 1995; Moen 1995b). 

Numerous authors report soil and vegetation changes following a 
lowering of the water table in different mire sites (Hansen and Madsen 
1984; Haeggstrom 1985; Moen 1985; Sjors 1985; Eurola et al. 1988a, b; 
Hald and Petersen 1992; Laine and Vanha-Majamaa 1992; Wind 1992; 
Heikkila and Lindholm 1995). 

A changing vegetation composition in native bogs due to a changing 
mineral content in the atmospheric deposition is reported from south- 
ern Scandinavia (Asman and Runge 1991; Aerts et al. 1992; Aaby 1994). 

Success in restitution of former vegetation complexes of native mires 
depends on nutrient supply due to mineralization. An oligotrophization 
by grazing or cutting seems useful. It should be kept in mind that the 
variation in tissue element concentrations in mire plants over a range of 
sites in Carex species were highly correlated with these elements in the 
substrate, while N, P, and K concentrations in the tissues of herbaceous 
species correlated less well (Ohlson 1988). 

The early secondary succession on more or less dry, harvested peat 
surfaces in Central Finland depends on the seed rain and chemical and 
physical characteristics (i.e., soluble phosphorus and ash content) of the 
substrate. Eriophorum vaginatum predominates in unfertilized plots, 
whereas ruderals like Epilobium angustifolium and Rumex acetosella 
benefit from a slight fertilizer treatment (20 g NPK m'^; Salonen 1994). 

Finally, besides aspects of nature conservation, the restoration of 
drained mires and wetlands in general seems useful as a means of reduc- 
ing COj emission and nitrogen transport in surface and coastal waters 
(Almentano and Menges 1986; Fleischer et al. 1989, 1991; Hogg 1993). 



d) Coastal Vegetation 

Coastal vegetation includes salt marsh, dune, and dune valley series. The 
salt marshes in Scandinavia mainly occur in shoreline uplift areas in 
relation to an increasing seawater level, and are influenced by a different 
degree of salinity and inundation due to the tidal amplitudes and eleva- 
tion gradients of the shore (i.e., Jensen et al. 1985). Uplift areas, for in- 
stance in the northernmost Gulf of Bothnia, are exceptionally suitable 
for succession studies (Vartiainen 1988). Stress and disturbance charac- 
terizes plant life conditions at the shoreline, increasing competition at 
the inland edge of salt marshes. About 80% of young Salicornia doli- 
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chostachya died during the vegetation period in Skallingen, WS Jutland 
(Jensen and Jefferies 1984). 

The response of cattle grazing and mowing of salt marsh and coastal 
brackish plant communities in relation to unmanaged sites differs along 
coastline elevation gradients and regional salinity (Jensen 1985; Jensen 
et al. 1990; Svendsen 1992; Vestergaard 1994). 

Dune areas differ in age, dynamics, soil development, and human im- 
pact, especially in afforestation. Of 75-80 000 ha of dune areas in Jut- 
land, one half is afforested (Feilberg and Jensen 1992). 

Detailed information exists for a number of key species concerning 
productivity, life cycle, and ecophysiological adaptation to the harsh 
environment. 

Shoot dynamics and biomass development of sublittoral shallow eel- 
grass {Zostera marina) are well examined from perennial populations in 
Lim^orden, Denmark (Olesen and Sand-Jensen 1994). The poptilation 
dynamics and vegetation pattern of Spergularia marina have been ana- 
lyzed by Torstensson and Telenius (1986a, b) and Torstensson (1987a, 
b), those of Glaux maritima by Jerling (1988a, b). 

Recent regional vegetation and site descriptions exist from the Nor- 
wegian SW-coast dune systems (Lundberg 1987), the coastal zone of 
Central Norway (Sasse 1987, 1988a, b), sea shore meadows on the coast 
of the gulf of Bothnia (Siira 1985; Siira and Media 1985) and the coast- 
line of Finland in general (Willers 1987, 1988a, b), as well as the coastal 
vegetation of Iceland (Thannheiser 1987a, b, 1988). Vevle (1986) gives a 
phytosociological survey of boreal salt marshes and sea shores, while 
Thannheiser (1991) presents a descriptive compilation on boreal and 
arctic coastal vegetation. 

Salt marshes, especially around the Baltic Sea, have been cultivated 
since early times as pastures or meadows (Johansson 1983). Previously, 
in sites with a lower salinity, a moderate pasturing seemed useful to pre- 
serve short-lived small halophytes (Siira 1985; Telenius 1993) and an 
attractive vegetation structure for populations of breeding birds 
(Johansson et al. 1986). In nature conservation, a high diversity, often 
obtained by management, conflicts with the goal of maintaining local 
unmanaged localities (Vestergaard 1994). 

Pollution problems in coastal waters affect hydrolitoral and geolitoral 
ecosystems as well, especially in the Baltic Sea (Elmgren 1989; Wulff and 
Stigebrandt 1989; Baden et al. 1990; Rosenberg et al. 1990; Jansson 1991). 
The negative effects cumulate in coastal shallow water zones (Cederwall 
and Elmgren 1990). Fairly unknown and nearly unpredictable, but nev- 
ertheless of increasing importance, are the synergistic effects of toxic 
substances (Sangfors 1988; Grand! and Haraldsson 1993). 
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e) The Vegetation of the Alpine Belt and Arctic Regions 

Survival in alpine and arctic environments depends on tolerance to frost 
and low temperatures, and requires plants to be capable of making a net 
carbon gain for the whole year within a short vegetation period with a 
low thermal input. 

Soil physical factors like frost heaving, solifluction, and discontinuous 
or continuous permafrost create severe stress and likewise disturb soil 
profiles and sward. Shoots which are exposed in winter risk physical 
damage by abrasion, wind-blown ice crystals, and mineral particles, as 
well as ecophysiological damage by freezing and desiccation (i.e., Sones- 
son and Callaghan 1991). Physical factors influence soil chemistry, the 
patterns of vegetation distribution, and species composition (i.e., Jonas- 
son and Skold 1983; Jonasson 1986; Jonasson and Callaghan 1992; Moen 

1993) . The struggle for existence in these extremely stressful environ- 
ments favors coexistence strategies between plants rather than inter- 
specific competition. 

In addition to structural and phytosociological descriptions, studies 
in biomass and net production in time and space contribute to the un- 
derstanding of ^ell ecosystems (i.e., Kyllonen and Laine 1980; Kyllonen 
1988). 

Nutrients, productivity, and structure of vegetation complexes in 
oroalpine areas are partly influenced by population fluctuations of small 
rodents (Oksanen and Oksanen 1981, 1989, 1992; Oksanen 1983; 1990; 
Andersson and Jonasson 1986; Moen et al. 1993; Sedal et al. 1994; Ok- 
sanen et al. 1995). A high grazing pressure in community patterns seems 
to be a consequence of low primary production, but on sites with a 
patchy sward like the bolderfield zone, low grazing pressure is encoun- 
tered, as grazers cannot survive in this physical environment. 

An increasing number of studies characterize aspects of ecophysiol- 
ogy, autecology, and population biology (photosynthetic responses to 
microclimate, genetic distribution, allozyme variation, allocation and 
intraclonal nutrient translocation, fitness, population growth rate, flow- 
ering, effects of grazing on population dynamics) of Scandinavian 
boreo-oroarctic and arctic plant species (Callaghan and Emanuelsson 
1985; Callaghan 1987; Pihakaski et al. 1987; Pihakaski 1988; Odasz 1989; 
Carlsson and Callaghan 1990a, b, 1991; Gauslaa and Odasz 1990; J6ns- 
dottir and Callaghan 1990; Jonsdottir 1991; Jonsson 1992; Havstrom et 
al. 1993; Welker et al. 1993; Wookey et al. 1993, 1994; Wikberg et al. 

1994) . 

Cold-induced dieback and soil properties like a decreasing availabil- 
ity of nutrients in and above the oroarctic and arctic timberline are 
characterized in a number of papers (i.e., Karlsson 1985, 1987; Jonasson 
1989; Kullman 1989; Kullman and Engelmark 1991; Karlsson 1992, 1994). 




Vegetation Science in Northern Europe 



511 



Recent surveys on the vegetation types of Svalbard are presented by 
Brossard et al. (1984); Elvebakk (1985, 1994); Hadac (1989); Dubiel and 
Olech (1990), and Elven et al. (1990); for the subalpine-alpine belt in 
Southern Scandinavia by 0kland and Bendiksen (1985), Dahl (1987b) 
and Rydgren (1994); for the Kola peninsula by Koroleva (1994); and the 
alpine belt in Scandinavia as well as arctic regions by Dierssen (1992). 

The vegetation sites below bird-nesting cliffs are uniquely nutrient- 
rich habitats in the otherwise nutrient-poor arctic environment. Species 
in the vegetated zone growing closest to recent guano deposits exhibit a 
high leaf nitrate reductase activity (Odasz 1988, 1994, Martinussen and 
Odasz 1990). Alpine heath vegetation in northern Scandinavia has been 
studied in detail by Haapasaari (1988), focusing on its phytogeographi- 
cal gradients. Racomitrium lanuginosum heatlands on Icelandic lava 
fields were investigated by Bjarnason (1991), Icelandic heathlands in 
general by Gunnlaugsdottir (1985) and Hovelmann (1995). Mire vegeta- 
tion in boreo-alpine and arctic areas is generally minerotrophic, and in 
large areas fens with a high basic status (Caricion atrofusco-saxatilis) 
prevail (Dierfien and Dierssen 1985b; Bressoud 1989). The ecology of dry 
hemiarctic meadows in northernmost Scandinavia is characterized by 
Oksanen (1995a). Cryptogamic community complexes of arctic and 
boreo-alpine sites are investigated by Daniels et al. (1985) from SE 
Greenland. 

General circulation models predict for the next 50 years a mean global 
increase in the annual air temperature between 1.9 and 5.2 ®C due to 
increases in the concentration of greenhouse gases. The most pro- 
nounced warming is predicted to be in the polar regions, where a mean 
annual air temperature increase of up to 12 K may occur (Boer et al. 
1990; Mitchell et al. 1990; Maxwell 1992). Higher soil temperatures and 
probably higher precipitation may cause environmental changes. In 
particular, there may be an increase in nutrient availability due to 
greater mineralization of soil organic matter by microorganisms. The 
impact of global warming in arctic and alpine environments therefore 
may be recognized before effects on other ecosystems become apparent 
(Callaghan et al. 1992). In subarctic Sweden (Tornetrask area), the sen- 
sitivity of slow-growing tundra dwarf shrubs {Empetrum hermaphrodi- 
tum, Vaccinium vitis-idaea, V. uliginosum, V. myrtillus) were experi- 
mentally treated by increasing air temperatures (mean increase -i- 4 °C 
during the growing season), water (60 mm in addition to 120 mm natu- 
ral), and fertilizer (NPK: 10, 10, 12.6 g m'^ y ‘); (Wookey et al. 1993; Par- 
sons et al. 1994). In all four species the shoot mass produced showed the 
greatest response to fertilization. The order of sensitivity was V. myrtil- 
lus > V. uliginosum > V. vitis-idaea > E. hermaphroditum. Temperature 
treatments also resulted in a greater shoot mass (V. vitis-idaea > E. her- 
maphroditum > V. myrtillus > V. uliginosum. Fertilization and tempera- 
ture showed synergistic effects. No significant responses to water supply 




512 



Geobotany 



alone were observed. For Cassiope tetragona, in low altitudes of subarc- 
tic sites, fertilizer treatment had the greatest effect on growth, whilst 
temperature was more limiting in high arctic regions and at high altitude 
sites (Havstrom et al. 1993). 



f) Oligohemerobic Sites in the Cultural Landscape 

In cultural landscapes one may differentiate between former extensively 
used (oligohemerobic) sites, where agriculture ceased in recent times, 
i.e., hayfields in mountain areas, heathlands, fens and woodland sites, 
where grazing and hay-cutting has taken place, and areas where inten- 
sive agriculture and settlement takes place (euhemerobic areas). Cultural 
landscapes contain mosaics of both site types, which interact with each 
other in time and space. In many regions, land use and ecosystem func- 
tions change rapidly and have been studied and monitored by ecologists 
and conservationists. 

Plant communities occurring in rock crevices, on bolder fields, on 
shallow soils over limestone, and on sandy material are characterized by 
moisture shortage and growth reduction and a highly specialized flora. 

Dry limestone alvar grassland on Oland has been studied with respect 
to changes of environmental variables (Krahulec et al. 1986), sheep 
grazing (Rosen 1982), the ecological amplitude of plant species 
(Bengtsson et al. 1988), seed regeneration (Rusch 1992; Rusch and van 
der Maarel 1992; Rusch and Fernandez-Palacios 1995), small-scale plant 
species turnover, biomass structure and ecology of disjunct plant species 
(Titlyanova et al. 1988; Bengtsson 1993; van der Maarel et al. 1995; Wil- 
son et al. 1995) as well as genetic variation in plant populations (Prentice 
1992; Lonn 1993). Veronico-Avenuletum pratensis is considered to be 
one of the most species-rich communities in the world in the small scale 
(10-100 cm^; Peet et al. 1990; van der Maarel and Sykes 1993; Sykes et al. 
1994). Species composition, survival and health status of herbs in rela- 
tion to dwarf shrubs (Callutia) and shrubs {Juniperus) were synchro- 
nized and correlated with severe summer droughts at intervals of about 
7-10 years (Rosen 1984, 1985, 1988, 1995). When pasturing ceased, the 
cover of Juniperus on dry and Potentilla fruticosa on somewhat damp 
soils increased, while the floristic diversity decreased (Rejmdnek and 
Ros6n 1992). 

Anthropogenic dry heathlands (class Calluno-Ulicetea) have occurred 
in oligotrophic sites in southern Scandinavia since neolithic times. Wet, 
MoZinia-dominated heathland (Ericetum tetralicis) may have originated 
about 1.9 ka before present in Tysvaer, Rogaland (Prosch-Danielsen and 
0vstedal 1994). Different types have been described between SW Norway 
and Bornholm (0vstedal 1985; Daniels 1990; Mikkelsen 1991). The an- 
cient area is decreasing due to afforestation (Blennow and Hammarlund 
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1993), and the floristic composition is changing from heathland to 
grassland, where nutrient deposition has increased and grazing has 
ceased (Aerts 1990; Buttenschon and Buttenschon 1982). 

Wooded meadowlands (lovangar) in the boreo-nemoral are especially 
niche-rich sites with a high biodiversity, but their ancient utilization for 
economical reasons is no longer practicable (Emanuelsson 1987; Haegg- 
strom 1990; Slotte 1992). By aid of modern management strategies, pos- 
sibilities for the preserving representative sites for nature conservation 
are being investigated, exercised, and monitored (Ekstam et al. 1988; 
Johansson and Hedin 1991). 



g) Plant Communities on Euhemerobic Sites 

Human activities alter the quality of environmental media and influence 
the living conditions of humans, vegetation, and animals alike. The most 
pronounced changes in the present took part in the intensively culti- 
vated areas in Southern Fennoscandia. About 75% of endangered species 
in Sweden are restricted to rural areas with a rapidly decreasing biodi- 
versity (Svensson and Ingelog 1990; Glimskar and Svensson 1990). Es- 
pecially affected are weakly competitive annuals and biennials in open 
sites, which are unable to last long in the diaspore bank (Milberg 1992). 

The yield of intensively managed grassland decreases to the north 
(Dzievulska 1990), while the quality of the fodder increases. A high fertil- 
izer input and productive grasses sown decrease the number of species 
and superpose regional differences in vegetation composition 
(Raatikainen 1986), while the management of wet meadows with a low 
yield especially in mountain areas ceased (Moen 1990; Olsson and 
Austrheim 1993). Differences in the composition and productivity of the 
sward result from soil water content, nutrient supply, and intensity and 
form of management and climate. Species indicating ecological factors 
and different grassland types and fallow land are given by Ekstam and 
Forshed (1992). 

Boreal grassland types have recently been characterized from Norway 
by Losvik (1988a, b, 1991, 1993; Moen 1990), from fallow fields in South- 
ern Finland by Hokkanen and Raatikainen (1977), from Iceland by 
Gunnlaugsdottir (1985). 

Cities with their strongly altered living conditions offer room for the 
existence of many non-native species from warmer regions, which de- 
pend on the warmer climate in cities (Erkkila and Niemela 1986). 

The spontaneous vegetation on fields is characterized by species 
which, behave like crops in their life cycles. Their importance is decreas- 
ing drastically due to modern farming practices (Svensson and Wigren 
1982, 1984; Kallio-Mannila 1986; Suominen 1986). A detailed survey on 
ecosystem processes in arable land, including carbon and nitrogen cy- 
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ding and the ecological problems of up-to-date agriculture, are summa- 
rized by Andren et al. (1990). 

Vegetation types built up by ruderals, which occur at waste places, are 
presented by Vevle (1988) from Norway and by species lists by Tonteri 
and Haila (1990) from Finland. The demands of selected species to 
habitat, especially light, climate and nutrients, have been tested by 
Svensson and Wigren (1987, 1992). 
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F. Special Topics 

I. Mycorrhizae: Ectotrophic 
and Ectendotrophic Mycorrhizae 

By Reinhard Agerer 



A very engaged, but apparently not very convincing, discussion is being 
fought out (Smith 1995; Walker 1995) whether the symbiosis of glo- 
malean fungi should be called vesicular-arbuscular mycorrhiza (VAM) 
or only arbuscular mycorrhiza (AM); cf: also Progress in Botany 54: 506. 
Walker (1995) argues against the application of the commonly used term 
VAM, because symbiotic roots consistently lacking vesicles are known; 
only some of them have vesicles and arbuscules as well, but all possess 
arbuscules. As the composite term vesicular-arbuscular does not defi- 
nitely imply that both structures have to be present - indicated by the 
hyphenation - roots symbiotic with glomalean fungi could just as well be 
included under VAM even if they have exclusively arbusc^es, or exclu- 
sively vesicles, or possess both structures. The lycopodioid mycothallus 
interaction described by Schmid and Oberwinkler (1993) has several 
features in common with typical VA mycorrhizae, but without any doubt 
it lacks arbuscules, though possessing vesicles. So this association, if it is 
indeed of glomalean origin, which appears to be very likely, must be 
correctly called V-(vesicular)mycorrhizae. The term vesicular-arbuscu- 
lar mycorrhizae would cover this special type as well. 



1. Ectomycorrhizae 

a) Symbiotic Organisms and Morphology/Anatomy 
of the Symbiotic Organs 

a) Comprehensive Descriptions of Selected Ectomycorrhizae 

Natural ectomycorrhizae of different fungi have been characterized: 
Pseudotomentella tristis (Agerer 1994a), Amphinema byssoides (Haug et 
al. 1994), Lactarius lignyotus (Kraigher et al. 1995), Russula acrifolia 
(Agerer et al. 1994), Xerocomus subtomentosus, and X. armeniacus (Palf- 
ner and Agerer 1995). Cripps and Miller (1995) described synthesized 
ectomycorhizzae on Populus tremula of Amanita muscaria, 
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A. pantherina, Cenococcum geophilum, Inocybe lacera, Paxillus ver- 
nalis, and Pisolithus tinctorius. 



P) Unidentified Ectomycorrhizae Named Binominally 

Agerer (1994b, 1995a) compiled all binomially named ectomycorrhizae, 
published during the period of 1992-1994. Ectomycorrhizae on Abies 
"Abierhiza tomentosa”, "A. fascicularis"), Castanopsis ("Castanopsirhiza 
glabra"), Cyclobalanopsis ("Cyclobalanopsirhiza argenteogranulosa"), 
Elaeocarpus ("Elaeocarpirhiza argenteogranulosa"), Pasania ("Pasanir- 
hiza strigosa"), Pinus ("Pinirhiza aciculata", "P. echinata"), and Quercus 
("Quercirhiza epidermoides") are named binomally by Haug et al. (1994). 



Y) Verification of the Ectomycorrhizal Nature of Fungi, 

Including Short Descriptions 

The fungus of Pisonia grandis, which forms in the mycorrhizae typical 
transfer cells, could be isolated; the same fungus caused ectomycorrhi- 
zae with some intracellular penetrations on roots of Picea sitchensis 
(Cairney et al. 1994). Studying host specificity of several Rhizopogon 
species, Molina and Trappe (1994) found similarities in ectomycorrhizal 
appearance and range of potential hosts within the four sections of 
Rhizopogon. Airaudi et al. (1994) identified and described ectomycorrhi- 
zae of Lactarius obscuratus and Alnicola escharoides on Alnus viridis. A 
few synthesized ectomycorrhizae on Pinus halepensis are characterized 
by Torres and Honrubia (1994). Terashima (1993) briefly characterized 
ectomycorrhizae of Tricholoma bakamatsutake and Russula japonica. 



5) Unusual Ectomycorrhizae 

Dell et al. (1994) by synthesis experiments between Pisolithus sp. and 
Casuarina, obtained a clearly ensheathed root. A Hartig net, however, 
was lacking and the mantle was not cemented to the root. The authors 
stress that these structures apparently differ from poorly compatible 
association described previously for Eucalyptus and Pisolithus. 



e) Strain Variability of Fungi Regarding Ectomycorrhiza Formation 

Inoculation of Pinus elliottii var. elliottii with different dikaryotic strains 
of Pisolithus tinctorius obtained by crossings provided hints that specific 
crosses, together with selected host plants, could be used in a combined 
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fungal and tree-breeding program in order to improve rhizomorph 
growth and ectomycorrhiza formation (Rosado et al. 1994a), Both di- 
karyotic and monokaryotic strain of Laccaria bicolor formed typical 
ectomycorrhizae on Pseudotsuga menziesii seedlings, whereas two other 
monokaryotic strains formed no mycorrhizal structures (Lumley et al. 
1995), In a screening for host specificity of several ectomycorrhizal fungi 
towards Eucalyptus dunnii and E. viminalis, Oliveira et al. (1994) were 
able to find three dikaryotic strains of Pisolithus tinctorius which formed 
ectomycorrhizae exclusively with E. dunnii; one isolate one showed a 
significantly greater colonization on E. dunnii than on E. viminalis. Bur- 
gess et al. (1994) studied the variation of 20 dikaryotic isolates of Pi- 
solithus, covering a range of hosts, fruitbody types, and geographic loca- 
tions, regarding their ability to form mycorrhiza with Eucalyptus grandis 
in vitro: the strains could be ranged from a well-developed mantle and 
Hartig net to isolates with a single-layered mantle and a Hartig net de- 
veloped only partially between the epidermal cells. Other strains, how- 
ever, formed no mycorrhiza; the extent of mycorrhizal development was 
positively correlated to growth stimulation. 



Q Verification of the Ectomycorrhizal Nature of Some Selected Plants 

Torres et al. (1995) proved Cistus ladanifer to be an ectomycorrhizal 
plant. Using bait seedlings of Pseudotsuga menziesii, Tsuga heterophylla. 
Rhododendron macrophyllum, and Gaultheria shallon in one and the 
same pot at the same time, in a soil mix from the coastal Oregon range. 
Smith et al. (1995) were able to prove that both R. macrophyllum and 
G, shallon can form two different ectomycorrhizal types {Rhizopogon 
type and Thelephora type), which could also be found in Pseudotsuga 
menziesii. Alnus serulata was shown to form ectomycorrhizae with 
Paxillus involutus and Hebeloma cf. crustuliniforme, whereas Alpova 
diplophloeus and Paxillus involutus did not (Murphy and Miller 1994). 
Ectomycorrhizal trees of tropical Africa are compiled by Thoen (1993). 



T|) Influence of Tree Clones on Ectomycorrhiza Formation 
(see also Sect. l.a.e) 

Different genotypes of Pinus elliottii var. elliottii were inoculated with 
Pisolithus tinctorius; it is assumed that, as significant variations in short 
root number and root dry weight resulted, the observed relatively strong 
genetic control of ectomycorrhizal traits indicates a great potential for 
selecting individuals in tree-breeding programs (Rosado et al. 1994b). 
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b) Ontogeny and Ultrastructure (see also Sects, l.e.i, and l.f.e) 

Pargney and Brimont (1993) studied the ultrastructural changes during 
the establishment of Tuber magnatum and T. uncinatum mycorrhizae 
on Corylus avellana: numerous fungal and plant plasmalemmasomes 
occurred, and the walls which join both walls are characterized by (1) 
outer mucilaginous wall of fungus (2) granular areas which apparently 
result from cell wall degradation at the time of Hartig net installation (3) 
numerous fibrils establishing bridges between both partner walls. Oh et 
al. (1995) compared ectomycorrhizal ontogeny of Pisolithus tinctorius 
and Hebeloma cylindrosporum on Quercus spp.: P. tincorius initially 
colonized root cap cells, and eventually produced a highly branched 
lateral root system with a complete mantle, whereas H. cylindrosporum 
promoted root elongation with a few hyphae on the root apex surface, 
indicating that interaction between roots differs, depending on the re- 
spective fungal species; Hartig net structure and hyphal inclusions var- 
ied between the combinations tested. In Tuber ectomycorrhizae on Cor- 
lyus avellana, dark deposits in root cap cells contain phenolic substances 
and, after degradation of cell walls, hyphae enter into contact with these 
polyphenols and penetrate them; in root cap cells, just incorporated at 
the apex, Ca and N can be found, whereas in more distant parts, only 
nitrogen can be detected in addition to polyphenols (Pargney and Bri- 
mont 1995). Le Disquet and Pargney (1994) described the ultrastructure 
and cytochemistry of Tuber ectomycorrhizae with special emphasis on 
the cystidia. Prevost and Pargney (1995) compared the ultrastructure of 
Fagus sylvatica ectomycorrhizae of Lactarius blennius and L. subdulcis, 
and found a great number of differences. They confirmed the occurrence 
of a haustoria-forming ascomycete in L. subdulcis, and found also in 
L. blennius intracellular hyphae, as well as those differences regarding 
Hartig net structure published earlier on a light microscopical level. 
Franz and Acker (1995) studied the ultrastructure of ectomycorrhizal 
rhizomorphs of 14 different species and analyzed with electron energy 
loss spectroscopy (EELS) in combination with electron spectroscopic 
imaging (ESI) polysaccharide-, lipid-, latex-, and N-containing inclu- 
sions. Structural differences were obvious between mycorrhizae of 
H. cylindrosporum/Q. acutissima grown in soil and growth pouches, 
which indicates that the growth pouch environment can induce artifacts 
in roots (Oh et al. 1995). 



c) Protein Pattern, Pigments 

The activity of NADP-dependent GDH (glutamate dehydrogenase) was 
used to distinguish ectomycorrhizae of Tuber species (Dupre et al. 1993). 
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Randomly amplified polymorphic DNA (RAPD) could be used to dis- 
criminate genotypes in natural populations of Suillus granulatus; this 
method was superior to somatic incompatibility studies (Jacobson et al. 
1993). Due to the application of selected RAPD primers, Bastide et al. 
(1994) were able to show that annual fruitbody distribution of Laccaria 
bicolor varied significantly, with an increase in the mean radial distance 
from the trees over a 2-4 year period; these results give evidence of the 
fact that a single genetic individual can remain associated with a host 
root system for at least 3 years and that individuals vary significantly in 
their spatial distribution. A specific DNA band (approximately 1.5 kb 
long), found after amplification of DNA of several Tuber species with the 
unspecific primer OPA-18, was a good marker of Tuber magnatum 
(Lanfranco et al. 1993). Due to application of PCR (polymerase chain 
reaction) coupled with RFLP (restriction fragment length polymor- 
phism), Henrion et al. (1994a) were able to distinguish most of the nine 
different Tuber species tested whether mycelium, ectomycorrhizae, or 
fruitbodies were used in addition, in T. melanosporum several isolates 
could be characterized by these methods. Erland et al. (1994) analyzed 
rDNA by PCR of ITS regions and found, after application of different 
restriction enzymes, that the RFLPs clearly separated Tylospora fibrillosa 
from other ectomycorrhizal species, but there were only minor differ- 
ences between T. fibrillosa isolates. Henrion et al. (1994b) monitored a 
special strain of Laccaria bicolor after the outplanting of inoculated 
Pseudotsuga menziesii seedlings; by PCR-amplified rDNA IGS (inter- 
genic spacer) they could show that the inoculated strain persisted at 
least for 1.5 years on the seedlings, whereas noninoculated control seed- 
lings were inhabited by other ectomycorrhizal fungi. PCR-RFLP studies 
were used to confirm ectomyorrhizal identification (Kraigher et al. 
1995). 



e) Physiology 

a) Formation of Protoplasts 

Protoplasts were produced of Cenococcum geophilum (Stulten et al. 
1995) and Amanita muscaria (Chen and Hampp 1993). 



P) Substances Assumed as Important for Formation of Ectomycorrhizae 

Hormones. A series of plant hormones was studied by Pokojska et al. 
(1993) for their influence on the growth of pure cultures of Rhizopogon 
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vinicolor, Hebeloma crustuliniforme, and Laccaria laccata. Differences 
could be found due to fungal species, kind of hormone, and cultural 
conditions (liquid or agar medium). Kinetin, for example, inhibited 
biomass production by Laccaria laccata in a liquid medium, but did not 
inhibit the linear growth of the fungus on agar medium. Strzelczyk et al. 
(1994) investigated several ectomycorrhizal fungi for their ability to 
form ethylene: differences could be shown regarding species, tempera- 
ture, and the presence or absence of methionine as a precursor sub- 
stance. Wallander et al. (1994) found no support for the hypothesis that 
lAA (indole acetic acid) is important in regulating mycorrhizal coloni- 
zation. Nylund et al. (1994) compared an lAA-overprodudng strain of 
Hebeloma cylindrosporum and a wild-type ectomycorrhizal strain on 
Firms pinaster and P. sylvestris seedlings in a semihydroponic culture; as 
no significant differences between strains were found in host growth 
rate, shoot carbohydrate concentration, root morphology, root lAA con- 
centration, or mycorrhizal biomass, the authors assume that a semihy- 
droponic culture system prevents the buildup of tryptophan of fungal 
origin, which is most likely a precondition for enhanced lAA production 
(in petri dishes, however, an enhancement could be detected). The ec- 
tomycorrhizae of an lAA-overproducing strain of Hebeloma cylin- 
drosporum on Pinus pinaster formed, in contrast to a wild-type strain, a 
large mantle and a highly developed Hartig net (up to seven hyphal lay- 
ers in width), with cortical cells still alive (Gea et al. 1994a). Intracellular 
hyphae, surrounded by invaginated host plasmalemma and by interfa- 
cial matrix, were frequently seen in cortical cells; in both cases, the fun- 
gal and the cortical cells were still alive (Gea et al. 1994a). An lAA- 
overproducer mutant of Hebeloma cylindrosporum formed more my- 
corrhizae than the wild type, but the lAA overproducers stimulated 
plant growth to the same extent as wild-type strains (Gay et al. 1994). 
Gabrovsek and Gogala (1995) observed that cytokinins affect ectomy- 
corrhiza formation on Norway spruce seedlings. 

Phenolics. Different phenolic acids from humus solutions inhibited res- 
piration of Laccaria laccata and Cenococcum geophilum mycelium in 
concentrations of 10'^ to 10’^ M; the author suggests an allelopathic con- 
tribution of these substances, which can possibly be exuded by different 
plants, including Vaccinum myrtillus and Picea abies (Pellisier 1993). 
Results obtained by Boufalis and Pellissier (1994) suggest that allelo- 
pathic effects of humic solutions on ectomycorrhizal fungi can be at least 
partly attributed to their phenolic contents. Boufalis et al. (1994) could 
show differences in reaction of four phenolic compounds on the growth 
of Cenoccum geophilum and Laccaria laccata mycelia, resulting in 
stimulation or inhibition due to substance and concentrations. Munzen- 
berger et al. (1995) gave evidence that ectomycorrhizae of Laccaria ame- 
thystina on Larix decidua seedlings had the same phenolics, but only in 
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very small amounts; it is suggested that L. amethystina induces a large 
decrease in soluble and cell-wall-bound phenolics in fine roots, which 
may explain their rapid mycorrhization. 



y) Recognition (cf. also Sect, l.f.a) 

Burgess et al. (1995), studying differently infective strains of Pisolithus 
tinctorius on Eucalyptus grandis seedlings, found out that the nonmy- 
corrhizal isolate caused no changes in root protein biosynthesis, whereas 
drastic alterations in protein biosynthesis were observed from initial 
contact with the aggressive mycobiont; during mycorrhizal development 
there was a marked inhibition of plant polypeptides synthesis, enhanced 
accumulation of some fungal polypeptides, and the emergence of sym- 
biosis-specific polypeptides, the so-called ectomycorrhizins; their syn- 
thesis increased during mycorrhizal formation; the up-regulation of the 
synthesis of fungal symbiosis-related polypeptides was tightly correlated 
to the infectivity of the strain. The lectins of the Pinus-, Picea and Abies- 
specific fungi Lactarius deliciosus, L deterrimus, and I. salminocolor, 
respectively, are different; and by means of immunofluorescence tech- 
nique, on the above-mentioned coniferous seedlings, receptor sites for 
these lectins were found on the root cells (Guillot et al. 1994). 



6) Enzymes 

Higher acid phosphatase activity was found in two Tirmania species in 
comparison to two Terfezias (Al-Naama et al. 1993). 

Albrecht et al. (1994a) could show an induced chitinase activity in 
Eucalyptus globulus roots during early colonization by Pisolithus tincto- 
rius; the same applied for the pathogen Phytophtora cinnamoni, but the 
intensity of reaction was more pronounced in the latter species. 
Chitinase and peroxidase activities were induced in Eucalyptus roots 
according to the aggressiveness of Australian ectomycorrhizal strains of 
Pisolithus sp. (Albrecht et al. 1994b). Eucalyptus plants showed no dif- 
ferences in chitinase activities regardless whether they were infected by 
root pathogens or by the ectomycorrhizal fungus Pisolithus tinctorius. 
Moreover, in both cases, the chitinase activity was systemic, far from the 
site of infection; the different stimulation of root chitinase activity by 
aggressive or nonaggressive ectomycorrhizal strains was related to in- 
duction of five additional isoforms in response to contact with the most 
aggressive strains (Albrecht et al. 1994c). Recent results on Pisolithus 
tinctorius ectomycorrhizae on Eucalyptus globulus show (Lapeyrie et al. 
1994) that some of the chitinase-inducing molecules from ectomycorrhi- 




528 Special Topics 

zal fungi are host-plant-specific. Chitinolytic activities of ectomycorrhi- 
zal fungi vary considerably (Hodge et al. 1995). 

It appeared that syntheses of amino acid precursors during TCA (tri- 
carbon acid) cycle operation is an essential step for aspartate and 
alanine synthesis through aminotransferase activities in Paxillus involu- 
tus mycelium (Chalot et al. 1994b). Ectomycorrhizae of several Eucalyp- 
tus species with Laccaria laccata, Scleroderma verrucosum, or Pisolithus 
tinctorius possessed only plant AAT (aspartate aminotransferase), and 
the isoenzymes of the free-living mycelia were suppressed (Button and 
Dell 1994). 

Ectomycorrhizal fungi capable of forming ectomycorrhizae with 
Pinus sylvestris had only very low activity in NADP-dependent glutamate 
dehydrogenase (GDH) despite excellent mycelial growth, whereas an 
ectendomycorrhizal strain, isolated from root of P. sylvestris, showed 
high GDH activity (Rudawska et al. 1994). Martin et al. (1994b) con- 
cluded that GS (glutamine synthetase) is the main pathway of primary 
assimilation of NH/ in Laccaria bicolor mycelium, GDH, however, may 
also contribute significantly to this process, but N supply and growth 
stage influence the expression of the activities. Brun et al. (1994) using 
Laccaria laccata Pseudotsuga menziesii ectomycorrhizae, obtained evi- 
dence for the presence of GS in some fungal cells in dense cytoplasmic 
patches. It also appeared that GS is more abundant than NADPH-GDH 
and the distribution of these nitrogen-assimilating enzymes in the fungal 
Hartig net and in the sheath did not differ significantly; none of these 
enzymes could be detected in host cells. Noninoculated Eucalyptus 
seedling roots of several species are characterized by a high activity of 
NAD-dependent GDH, while only NADP-dependent GDH was found in 
pure culture of Hebeloma westralien.se-, both enzymes were found in 
their ectomycorrhizae (Button and Dell 1994). The enzymes involved in 
ectomycorrhizae and nonmycorrhizal roots for assimilation of inorganic 
nitrogen are discussed by Botton et al. (1994). 



e) Carbon Nutrition of Ectomycorrhizae 

Protoplasts of Amanita muscaria preferentially took up fructose rather 
than glucose, and uptake of fructose was strongly inhibited by glucose 
but not vice versa; an ATP-dependent uptake could be shown; sucrose 
and mannitol were not used (Chen and Hampp 1993). Schaeffer et al. 
(1995) gave evidence that the amounts of glucose and fructose, which 
were present in both partners of the ectomycorrhizal symbiosis of Picea 
abies with either Amanita muscaria or Cenococcum geophilum, were 
clearly reduced in ectomycorrhizae; as high fructose levels inhibit acid 
invertase, a reduction in the amount of fructose in the symbiotic tissue 
could favor acid invertase activity in vivo. Neither invertase nor sucrose 




Mycorrhizae: Ectotrophic and Ectendotrophic Mycorrhizae 



529 



could be detected in the fungal mycelia. Vodnik and Gogala (1994) 
found only during springtime an increased net photosynthesis of Picea 
abies seedlings mycorrhizal with Thelephora terrestris in comparison to 
controls; in autumn, differences levelled off; a lesser springtime increase 
was found for seedlings mycorrhizal with Pisolithus tinctorius and Lac- 
tarius piperatus, but their autumn values were more pronounced in 
comparison to L. laccata; the chlorophyll content was higher in my- 
corrhizal seedlings than in controls. Ba et al. (1994c) could show that 
cotyledon excision of Afzelia africana seedlings affected rather Hartig 
net development than fungal sheath formation after inoculation with 
one early-stage fungus and two late-stage fixngi, but another early-stage 
fungus was not affected by total cotyledon excision; the late-stage fungi 
caused a hypersensitive reaction of epidermal cell walls. Carbon use 
efficiency (= carbon gained via the growth response to infection and the 
carbon expended by the supporting fungus) was calculated by Tinker et 
al. (1994) for Salix viminalis ectomycorrhizal seedlings with Thelephora 
terrestris: the carbon use efficiency was at an average of 85% based upon 
tissue production, and of 96% based on whole plant production. Durall 
et al. (1994b) found evidence that up to 11.5% more of applied '^CO^ to 
cuttings of Salix ectomycorrhizal with Thelephora terrestris, were trans- 
located to the belowground fractions (root tissue, soil and root respira- 
tion) than did the nonmycorrhizal plants; there was no evidence for in- 
creased root respiration rates or for rhizodepositions being responsible 
for the increased carbon diverted belowground by ectomycorrhizal 
plants. Durall et al. (1994c) showed that into roots of Pinus ponderosa 
ectomycorrhizal with Laccaria bicolor or Hebeloma crustuliniforme 
seedlings transported 2.3 and 1.8 times, respectively, more *^C into ecto- 
mycorrhizae than into nonmycorrhizal roots. Douglas-fir seedlings ec- 
tomycorrhizal with different fungi, in otherwise sterile conditions, were 
analyzed regarding their capacity to degrade ‘‘‘C labeled substrates; al- 
though the tested fungi differed strikingly, a ranking from least to most 
easily degradable substrates was possible: humic polymeres, needles, 
cellulose, hemicellulose (Durall et al. 1994a). 



Q Growth Responses of Plants 

Growth promotion due to ectomycorrhizal colonization was shown re- 
peatedly (Dell et al. 1994; Lee and Alexander 1994; Tam and Griffiths 
1994; Yazid et al. 1994; Zhou et al. 1994; Chen and Pei 1995; Thumer and 
Poder 1995). Stunting and chlorosis of Pinus massoniana seedlings ec- 
tomycorrhizal with Pisolithus tinctorius grown under nonaxenic condi- 
tions, a strong polyphenolic reaction, intracellular hypae, and wall modi- 
fications were occasionally observed (Tam 1994). This could indicate 
that both host-tissue incompatibility and ectendomycorrhizal (but corti- 
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cal cell cytoplasm seems to be disintegrated) association can occur in 
pine species under stressed conditions (Tam 1994). Using Eucalyptus 
globulus and E. diversicolor in combination with 16 different ectomy- 
corrhizal fungi with two different phosphorus levels, it could be shown 
that a great diversity of growth promotion due to fungal and plant spe- 
cies occurred, and also in dependence on the amount of fertilization; 
fungi which developed more extensive mycorrhizae had generally a 
greater positive growth promotion effect (Burgess et al. 1993). Thomson 
et al. (1994) found evidence that, in a screening of 16 ectomycorrhizal 
species on Eucalyptus globulus, growth increases in response to my- 
corrhizal inoculation corresponding with increased P uptake by the 
plant; early colonizing fungal species were generally more effective in 
increasing plant growth than late colonizing species, although there was 
also variation in effectiveness among isolates of the same fungal species; 
plant dry weights were most of the time positively correlated with the 
length of colonized root, indicating that fungi which colonize roots more 
extensively were the most effective in increasing plant growth; these 
responses could not be related to the development of hyphae in soil by 
the mycorrhizal fungi. Oliveira et al. (1995) found in Eucalyptus seed- 
lings, ectomycorrhizal with Pisolithus tinctorius a 26.5% dry weight in- 
crease of aerial parts, in contrast to a 9.2% decrease with VAM inocula- 
tion trials. 



Ti) Phosphate Nutrition 

Increased PO/' uptake by ectomycorrhizae was shown (Tam and Grif- 
fiths 1994). Burgess et al. (1993) found that ectomycorrhizae of Laccaria 
laccata and of Scleroderma verrucosum on Eucalyptus seedlings retained 
more phosphate in their roots than seedlings inoculated with other fungi 
(e.g., Paxillus muelleri, and Hydnangium carneum). Lewis et al. (1994b) 
detected in an experiment with naturally ectomycorrhizal Pinus taeda 
seedlings that phosphorus stress decreased root starch concentrations, 
increased root sugar concentrations and did not significantly affect 
nonstructural carbohydrate concentrations. Griffiths et al. (1994) ob- 
tained statistically significant correlations between DOC (dissolved or- 
ganic compounds or oxalate and PO^’* in mat soils of Hysterangium 
setchellii and Gautieria monticola, and this fact is interpreted - in com- 
bination to proven higher amounts of different ions in mat than in 
nonmats soils - that organic acids influence weathering and solubility of 
PO/‘ and also of other ions in the mat soils. 

A short-chain polyphosphate was detected in Pisolithus tinctorius hy- 
phae, and it was suggested that polyphosphate is transported along the 
hyphae by the motile tubule and vacuole system (Ashford et al. 1994). 
Gerlitz and Werk (1994) could verify two different types of fungal poly- 
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phosphates in mycorrhizae of Pinus sylvestris with Suillus bovinus, a 
mobile polyphosphate of medium chain length or in a granular state; it 
could be shown that a high fungal mass renders mycorrhizal phosphate 
metabolism less sensitive to external variation in nutrient concentration. 
Influx and efflux studies on Pisolithus tinctorius mycelium resulted in 
increased efflux from mycelium with a high phosphorus status, assum- 
ing that such a net efflux of phosphate at the interface of ectomycorrhi- 
zae may be considerable (Cairney and Smith 1993a). Efflux of P from 
P. tinctorius mycelium could be increased significantly when was 
present in a bathing medium in excess of 10-20 mM, a less clear-cut 
effect could be observed with Na"^ (Cariney and Smith 1993b). As Ca^"^ in 
the bathing medium prevented the mononovalent cation-stimulated 
efflux, Cairney and Smith (1993b) hypothesize that, if the concentration 
of Ca in the interface is low, there would be a great possibility of cation- 
stimulated efflux across the plamamembrane. 



0) Nitrogen Nutrition (cf. also Sect, l.e.e) 

A rise in N supply reduced the development of extramatrical mycelium 
of Laccaria bicolor and the fungal biomass in lateral roots of Hebeloma 
crustuliniforme-inoculeited Pinus sylvestris seedlings; high N supply re- 
duced concentrations of starch, Ca and Mg in the shoots, however, in- 
crease those of glucose and fructose. Fungal growth was negatively corre- 
lated with levels of soluble carbohydrates in shoots, shoot concentra- 
tions of N, P, K, relative growth rate, and shoot:root ration of the seed- 
lings. Starch as well as Mg and Ca concentrations was positively corre- 
lated with fungal growth (Wallander et al. 1994). The uptake rates of 
NOj' in the system Pinus pinaster ectomycorrhizal with Hebeloma cylin- 
drosporum were found to be increased about twofold compared to non- 
mycorrhizal plants; the contribution of each partner alone, measured 
sparately, to nitrate uptake in the mycorrhizal plant was lower than in 
the symbiotic combination (Plassard et al. 1994). Brun et al. (1995) 
found that mycorrhiza formation of Paxillus involutus on Betula pen- 
dula was not greatly affected by changes in overall concentrations of 
nitrogen and phosphorus, but changes in the ratio of nitrogen to phos- 
phorus had strong effects on development, and mycorrhiza formation 
was completely suppressed when the ratio of nitrogen to phosphorus 
was increased. 

Ek et al. (1994) obtained evidence, using Paxillus involutus ectomy- 
corrhizal with Betula pendula and Picea abies, the ammonium was im- 
mediately assimilated into amino acids, primarily glutamine, by the fun- 
gal mycelium at the uptaking site. The amino acids were then translo- 
cated to the mycorrhizal roots. In contrast, nitrate-N was not assimilated 
in the mycelium but rather transferred to the mycorrhizal roots as ni- 
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trate; mycelial uptake and transfer of N to the spruce and birch seedlings 
were significantly higher for NH/-N than for NOj'-N. Kottke et al. (1995) 
discovered that the number of vacuolar osmiophilic bodies significantly 
increased in Cenococcum ectomycorrhizae on Pinus sylvestris after fer- 
tilization with (NHjjSO^ or NH^Cl. Nitrogen and phosphorus contents 
increased with ammonium sulfate fertilization but decreased with am- 
monium chloride. Results obtained by Zhu et al. (1994) suggested that 
the regulation of extracellular acid proteinase in Hebeloma crustulini- 
forme involves protein induction and partial nitrogen repression, but 
not carbon catabolite repression. Chalot et al. (1994a) showed that the 
mycelium of Paxillus involutus was able to use alanine as a respiratory 
resource, and alanine aminotransferase plays a pivotal part in alanine 
metabolism. Glutamine and glutamate could also be used by 
P. involutus, and glutamate synthetase is the major enzyme of glutamate 
degradation (Chalot et al. 1994b). 



i) Other Macronutrients (see also Sect. l.e.S.A.) 

Ectomycorrhizal inoculation of Hopea spp. appeared to improve Ca con- 
centration, and relieved the foliar symptoms of Ca deficiency (Lee and 
Alexander 1994). Gea et al. (1994b) used secondary ion mass spectrome- 
try (SIMS) to determine the distribution of Ca^"^. The results indicated 
that the intensity of the signal and the calcium distribution is associated 
to the fungal bulk rather than to the apoplastic compartment only. Par- 
gney and Kottke (1994) found evidence that Ca contents decrease in 
aging hyphae of Tuber ectomycorrhizae; Ca could also be shown in the 
fungal and cortical vacuoles and in the cortical cell walls, whereas in the 
cytoplasm the calcium concentration was below the detection limit. 



k) Micronutrients 

Iron amendment significantly decreased mycorrhizal colonization by 
Tuber melanosporum and improved colonization by other mycorrhizal 
symbionts on Corylus avellana roots (Mamoun and Olivier 1993). Ka- 
gan- Zur et al. (1994) gave evidence of an enhancement of initial associa- 
tion between Helianthemum and Terfezia by low iron in the growth 
medium. Boron fertilization (1.5 kg B ha‘‘) doubled the number of root 
tips in the top 10 cm of the humus layer of a Picea abies stand (Lehto 
1994a). Sword and Garrett (1994) found that fertilization with boric acid 
of Pinus echinata ectomycorrhizal with Pisolithus tinctorius reduced the 
phenolic concentration of the ectomycorrhizae after 24 weeks. The 
authors conclude that boric acid fertilization influences the phenolic 
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relations, possibly by a boric acid-induced increase in phenoloxidase 
activity. 



A.) Water 

Drought-stressed ectomycorrhizal seedlings of Acacia auriculiformis 
possessed lower K uptake (mg per plant) than nonmycorrhizal seedlings; 
but with respect to P, N, Ca, and Mg, ectomycorrhizal seedlings always 
had higher contents, although differently pronounced (Awotoye et al. 
1992). 



f) Ecology 

a) Host Specificity (cf. also Sect l.e.5) 

Host specificity can be obscured by synthesis conditions: the establish- 
ment of an association of Pisolithus sp. and Afzelia africana is strongly 
influenced by seedling age and/or environemtal conditions. This is why 
in in vitro synthesis there is no conclusive demonstration of a symbion- 
tic relationship (Ba et al. 1994b). Studying host specificity of several 
Rhizopogon species, Molina and Trappe (1994) suggested that host 
specificity is a major contributor to the speciations and diversification of 
Rhizopogon in the Pacific Northwest of the USA and Canada. Danell 
(1994) successfully synthesized ectomycorrhizae of Cantharellus cibarius 
on Pinus sylvestris, using a fruitbody isolate associated with Picea abies. 
A synthesis trial with Betula pendula, however, was unsuccessful. 



P) Ecological Laboratory Research 

Rousseau et al. (1994) studied the potential absorbing system area, and 
the absorbing length of the extramatrical mycelium of Pisolithus tincto- 
rius and Cenococcum geophilum ectomycorrhizae on Pinus taedai the 
values for P. tinctorius were 75 and 99%, respectively, although the ex- 
tramatrical mycelium contributed only 5% of the potential absorbing 
system's dry weight. P. tinctorius was shown to produce 1.5 times the 
mycelial absorbing surface area and 3 times the mycelial length of 
C. geophilum. The authors conclude that the differences in both values 
account for differences in P uptake between seedlings inoculated with 
either P. tinctorius or C. geophilum. In a root-chamber feeding experi- 
ment with Pinus sylvestris seedlings, ectomycorrhizal either with Suillus 
bovinus or Thelephora terrstris, applying fermentation-layer material 
from a pine forest, Bendling and Read (1995a) could show a reduction in 
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N, P, and K concentrations by Suillus bovinus at the rate of 23, 22, and 
30% respectively; the rates for Thelephora terrestris were 13, 21, and 0%, 
respectively; following T. terrestris, colonization there were increases of 
Ca and Mg concentrations. In a similar experiment, applying Betula 
pendula seedlings ectomycorrhizal with Paxillus involutus or non- 
mycorrhizal and fermentation-layer material from a Betula stand. Bend- 
ling and Read (1995b) discovered a steadily higher amount of protease 
and phenol oxidase; phosphomonoesterase, however, increased during a 
first period and decreased thereafter below the activities in uncolonized 
material. Paris et al. (1995) studied the weathering influence of Paxillus 
involutus on vermiculite. Mclnnes and Chilvers (1994) tested the influ- 
ence of different environmental factors on ectomycorrhizal infection in 
axenically cultured eucalypt seedlings ectomycorrhizal with Pisolithus 
tinctorius: varying light (positive correlation of number of ectomy- 
corrhizae to light intensity) and N and P produced positive changes (up 
to 50 mM each) in the number of mycorrhizal apices, but little or no 
change in the percentages of apices infected; varying carbohydrate and 
temperature produced negative and positive changes, respectively, in 
both the number and percentage of mycorrhizal apices; a strong linear 
correlation could be shown between the number of mycorrhizae and the 
total number of apices. Lamhamedi et al. (1994) could show a depend- 
ence of Laccaria bicolor fruitbody formation on current photosynthesis 
of Pinus strobus seedlings ectomycorrhizal with this fungus: significant 
differences in netto photosynthesis of host plant resulted in correspond- 
ing changes in fruitbody biomass, and a removal of the fruitbodies 
caused a very rapid decrease in both netto photosynthesis and stomatal 
conductance of the host plant. Early-stage ectomycorrhizal colonizers 
with a broad host range appeared to be less dependent upon exogenous 
carbohydrate supply for successful formation of ectomycorrhizae than 
host-specific late-stage ectomycorrhizal colonizers. However, while ex- 
ogenous glucose (1.0, 10.0 g/1) increased mycelial growth of late-stage 
ectomycorrhizal colonizers, a detrimental effect on the growth of the 
seedlings took place in the presence of these fungi, rather than a concur- 
rent increase in colonization (Hutchison and Pich^ 1995). 

Inoculation of Pinus pinaster seedlings with Suillus collinitus signifi- 
cantly enhanced the capacity of roots to release protons in a medium 
with a neutral pH but the strength of the reaction varied in regard to the 
part of the root involved (Rigou et al. 1995). Ectomycorrhizal structures 
are investigated with several respects to hydrophobicity and hydro- 
phility by Unestam and Sun (1995): completely new and innovative as- 
pects are considered, e.g., excretion of water droplets through hyphal 
walls, and hydrophobic hyphal surface apparently glue hyphae together 
during rhizomorph formation. Although the inoculum of Thelephora 
terrestris was present in a special soil, Pseudotsuga menziesii seedlings 
did not form ectomycorrhizae, whereas Picea sitchensis did; since in 
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another soil such Douglas-fir seedlings fid form T. terrestris ectomy- 
corrhizae, Jackson et al. (1995) suggested that the colonization experi- 
ments made in a glasshouse are of limited value due to the difficulty of 
reflecting natural conditions. Dexheimer et al. (1995) described taproots 
of Eucalpytus seedlings, being oriented horizontally, as forming ectomy- 
corrhizae with Pisolithus tincorius, contrary to their natural position, 
where they only were loosely enveloped by mycelium. Smith et al. (1995) 
found common ectomycorrhizae on the Ericaceae genera Rhododen- 
dron, Gaultheria, and the conifer Pseudotsuga, and discuss this phe- 
nomenon from an ecological point of view. 



y) Research in Natural Habitats (see also Sect, l.d) 

Ectomycorrhizae in Italian natural reserves were investigated by Riess 
(1993), and differences were found with respect to ectomycorrhizal 
forms and species of ectomycorrhizae, e.g., regarding "Piceirhiza nigra" 
and "P. conspicua". These differences were assumed to be due to differ- 
ent anthropogenic impacts on the respective study sites. In two different 
beech wood stations, Riess (1994) could find 30 different species of ec- 
tomycorrhizae; the substantial number of species was present in either 
plots. Keizer (1994) found, comparing different Fagus sylvatica plots on 
roadside verges, a positive correlation between the number of mycorrhi- 
zal root tips and the fungal species numbers, but total numbers of fruit- 
bodies and dry-weight production showed only minor differences. Van 
Praag et al. (1994) showed that root tip counting in stands of Fagus syl- 
vatica and Picea abies, together with ergosterol analysis of rootlets, en- 
ables following changes induced by the environment on a long-term 
basis. Removal of litter and humus layers in young Pinus sylvestris 
stands increased, and an addition of organic material decreased the 
number of ectomycorrhizal types on seedlings after 1 year (Baar and De 
Fries 1995). Dhillion (1994) found in Norway a negatively associated 
occurrence of ectomycorrhizae, VA mycorrhizae, and Rhizoctonia sp. 
colonization in roots of several Salix species; but in dual mycorrhizal 
colonizations, Hebeloma sp. was consistently found to be associated with 
VAM. 

Griffiths et al. (1995) found evidence of a higher incidence of ectomy- 
corrhizal mats at the base of trees, independent of being an ectomy- 
corrhizal host, in comparison to soils distant from trees, as well as a 
positive correlation with tree size. Terashima and Mizoguchi (1995) 
found in hyphal blocks of the shiro of Tricholoma bakamatsutake in 
comparison to uncolonized sites: lower pH, higher concentrations of 
oxalic acid and gluconic acids, lower contents of total nitrogen, a similar 
amount of total carbon, reduced total and available phosphorus, a 
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higher content of total calcium, and a lower content of exchangeable 
calcium. 

Miller et al. (1994) studied the persistence of spore deposits below 
epigeous and hypogeous fungi, by soil cores taken in fall and after 
snowmelt; they showed that, although maximum longevity of spores in 
the soil has not been determined, an observed differential persistence of 
spores from epigeous and hypogeous ectomycorrhizal fungi cotild play a 
part in soil mycorrhiza-forming potential and popxilation dynamics of 
ectomycorrhizal fungi. Sclerotia of Cenococcum persisted in the soil for 
at least 2 years (Miller et al. 1994). Brundrett and Abbott (1994) studied 
the seasonal variation of ectomycorrhizal fungus propagules in an Aus- 
tralian jarrah {Eucalyptus marginata) forest using bait plants in intact 
soil cores of a transect; a similar capacity to colonize roots by time per- 
sisted throughout the year, even during extended periods of summer 
drought; a substantial variability in mycorrhizal fungus inoculum levels 
between the transect locations was evident, but variations in the relative 
cover of host or nonhost plants in these locations were not sufficient to 
explain these patterns. Using the method of somatic incompatibility, 
Dahlberg and Stenlid (1994) estimated 700-5700 genets of Suillus 
bovinus per ha in young Pinus sylvestris stands compared to 30-120 in 
old ones. One genet was calculated to be composed of 20-45% of fruit- 
body matter, 55-80% of ectomycorrhizae; production of spores per 
fruitbody was estimated to be 1. 1-2.8 x 10* spores (Anderson and Stenlid 
1994). 

The concepts of early- and late-stage fungi are primarily based on 
physiological characteristics of species and are useful for understanding 
early phases of forest succession (Keizer and Arnolds 1994). Since they 
are not appropriate to describe ectomycorrhizal succession under field 
conditions over a longer period, Keizer and Arnolds (1994) propose a 
different gradation of successional phases of ectomycorrhizal fungi: in- 
novation, canopy closure, canopy aggregation, late biostatic, and degra- 
dation. 



5) Coexistence with Other Organisms 

Saprophytic and parasitic fungi. Branzanti et al. (1994) found antagonis- 
tic effects of the ectomycorrhizal fungi Laccaria laccata, Paxillus involu- 
tus, Hebeloma sinapizans, and H. crustuliniforme in a mycelial confron- 
tation experiment against the root pathogens Phytophthora cinnamomi 
and P. cambivora. Shaw et al. (1995) gave evidence that Callybia macu- 
lata can significantly retard the formation of ectomycorrhizae of Paxil- 
lus involutus on Pinus contorta seedlings. 
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Ectomycorrhizal fungi. Buscot (1994) found seven different ectomy- 
corrhizal types included in the sclerotia of Morchella data on Picea 
abies-, three types have already been described ("Piceirhiza obscura", 
"P. gelatinosa", "P. terrea"), four seemed to be unknown ectomycorrhi- 
zae. Poder and Scheuer (1994) described a new ascomycete genus grow- 
ing within and forming its fruitbody on ectomycorrhizae of Picea abies. 
Shaw et al. (1995) observed that Lactarius rufus stimulated growth of 
and ectomycorrhizal formation by Suillus bovinus and Paxillus involu- 
tus. Laccaria laccata, however, suppressed mycorrhizal formation of 
both, S. bovinus and P. involutus. 

Bacteria. Three different bacteria, including Pseudomonas fluorescens, 
were tested with respect to their influence on the growth of three ecto- 
mycorrhizal fungi in diaxenic cultures; a stimulating, an inhibiting, and 
a nonaffecting behavior could be shown; although a statistical verifica- 
tion was possible, the composition of the medium and its pH affected 
mycelial growth more strongly than bacteria (Strzelczyk et al. 1993). 
Pseudomonads on the mycorrhizoplane of Tuber melanosporum Corylus 
avellana ectomycorrhizae exhibited a higher iron-chelating power when 
available iron was provided to the soil (Mamoun and Olivier 1993). Lac- 
caria laccata-speddc mycorrhization helper bacteria (MHB) were shown 
to raise the competitive ability of this fungus against other ectomy- 
corrhizal fungi in a nursery (Duponnois et al. 1993) and it is stressed as 
an alternative to soil fumigation of bare-root inoculations of Douglas-fir. 
Ba et al. (1994a) showed that contemporary inoculation of Acacia holos- 
ericea seedlings with Pisolithus tinctorius and Bradyrhizobium sp. in- 
hibits infection thread development of the bacteria, thus conferring an 
advantage on fungal hyphae in the competition for infection sites. Bus- 
cot (1994) found bacteria included in the Hartig net of the ectomy- 
corrhizae of a heterobasidiomycete on Picea abies. Garbaye (1994) re- 
viewed the role of MHBs. 

Animals. Mycophagy is shown to be widespread among Australian 
mammals and appears to be most prevalent within the Potoroideae, the 
rat-kangaroo family (Claridge and May 1994). The abundance of Tas- 
manian bettong (Bettongia gaimardi) marsupials on areas with an open 
undergrowth was found to be related to the extent of mycorrhizal root 
development; sporocarps of mycorrhizal fungi are forming the major 
component of the diet (Taylor 1993). Bettongia gaimardi consumed all 
taxa of hypgogeous fungi (more than 36 spp.), generally in direct pro- 
portion to their abundance; assuming that consumption of fruitbodies 
by mammals results in dispersal of spores. These observations suggest 
that B. gaimardi may play a major role in maintaining species richness 
and abundance of hypogeous ectomycorrhizal fungi (Johnson 1994). 
Animal mycophagy provides inoculum for diversifying the populations 
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of mycorrhizal fungi for early successional plants in the newly develop- 
ing soils in the climatically stressed habitat of glacier forefronts (Cazares 
and Trappe 1994). 

Mycophagous collembola show a preference for grazing fungal cul- 
tures (Hiol Hiol et al. 1994): Proisotoma minuta grazed Rhizoctonia so- 
lani more heavily than the tested ectomycorrhizal fungi; Pisolithus tinc- 
torius was grazed significantly less than Laccaria laccata, Suillus luteus, 
and Thelephora terrestris in the presence of Rhizoctonia solani. Pinus 
taeda seedlings inoculated with P. tinctorius revealed, together with the 
collembola, that mycorrhizal colonization was less in comparison to the 
controls without collembola. The author's data suggest that myco- 
phagous collembola may play a major part in the distribution and bio- 
mass of ectomycorrhizal fungi in the rhizosphere of tree seedlings. 
Studying the influence of soil fauna on ectomycorrhizal birch and Scots 
pine, Setala (1995) indicated that an obvious reduction in ectomycorrhi- 
zal fungi (reduction of 50 and 20%, respectively, of fimgi on fine roots) is 
not harmful to the plant-fungus symbiosis, provided the community 
composition of the belowground food web is complex enough to ensure 
sufficient mobilization of nutirents in the mycorrhizosphere; the author 
found a considerable increase in shoot biomass under the influence of 
the soil fauna in pine (1.7 times, birch 1.5 times). 

Protozoan communities around ectomycorrhizae differed both quali- 
tatively and quantitatively with the host and the ectomycorrhizal fungal 
species; the communities might be influenced by bacterial communities 
around the ectomycorrhizae, as feeding organisms (Ingham and Massi- 
cotte 1994). Jentschke et al. (1995) came to the conclusion that protozoa 
in the rhizosphere interact significantly with ectomycorrhizae, and my- 
corrhizal colonization significantly increased the abundance of naked 
amebae at the rhizoplane. 

Gehring and Witham (1994) found that Pinus edulis seedlings grown 
in cinder had higher levels of ectomycorrhizal colonization than those 
grown in sandy loam; this was consistent with field studies; moth her- 
bivory negatively affected ectomycorrhizae in the stressful cinder envi- 
ronment only. 

Plants. Massicotte et al. (1994) could show that some ectomycorrhizal 
fungi which did not form ectomycorrhizae with a special host in dual 
culture, did so to different degrees if a compatible host was a compan- 
ion. Zelmer and Currah (1995) gave evidence of a connection via a 
common basidiomycetous fungus of Pinus contorta ectomycorrhizae 
and the orchidaceous mycorrhizae of the heterotrophic Corallorhiza 
trifida. 
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Fertilization with lime or nitrogen (cf. also Sect. I.e.K), Arnebrant (1994) 
found considerable reductions (up to 97%) in growth of extramatrical 
mycelium of Paxillus involutus and Suillus bovinus ectomycorrhizae on 
Finns sylvestris seedlings after amendment with nitrogen as (NH^)jSO^ or 
NaNOj (1, 2, or 4 mg N/dry wt. of peat); the sensitivity of different 
strains varied. Ammonium sulfate was applied during a 2-year period on 
3-year-old naturally grown, containerized Douglas-fir seedlings in total 
N amounts of 5, 20, and 200 kg ha'* yr *. This resulted in significant de- 
creases in root length per gram dry weight and in mycorrhizal fre- 
quency, and reduction in bacterial populations on the roots, with in- 
creasing ammonium application (Gorissen et al. 1993). This treatment 
caused an increase in H* and Alj^ as well. In a urea fertilization experi- 
ment on Tsuga heterophylla plots, Kernaghan et al. (1995) found that the 
number of fine roots and the number of basidiomycetous mycorrhizae 
remained constant, while Cenococcum geophilum mycorrhizae increased 
slightly and a type lacking a mantle increased; the observed changes 
were independent of fertilizer levels and the shift of pH brought about by 
urea hydrolysis. The proportion of dead root tips was increased from 10 
to 29% in limed (lime applied at a dosis of 2000 and 4000 kg ha'* dolo- 
mite at least 12 years ago) plots, number of dead root tips increased 
when lime and boron were applied (Lehto 1994b). The percentage of 
mycorrhizae with external mycelium was slightly increased and the per- 
centage of Piloderma croceum mycorrhizae was decreased by lime 
(Lehto 1994a). Lehto (1994b) found evidence that an addition of CaCOj 
(which elevated Ca and pH), or CaSO^ (which elevated Ca only), or 
Na^COj and K^COj (which elevated pH only) increased the proportion of 
dead root tips of Picea abies, and the conclusion is drawn that lime di- 
rectly and adversely affected mycorrhizae in sand culture and mor hu- 
mus. Fertilization with lime (dolomite) induced stimulation of NAD- 
glutamate dehydrogenase and aspartate aminotransferase (both in root 
cells) as well as aminopeptidase (in mycorrhizae; "Piceirhiza nigra", 
Cenococcum geophilum, Elaphomyces sp.. Russula ochroleuca, and Ty- 
lospora sp.) from the organic layer, but not in those from the mineral 
layer (Daehne et al. 1995). This effect is attributed to the increased con- 
tents of soluble organic nitrogen compounds in the soil of limited plots. 

Pesticides. Eleven different pesticides in different concentrations were 
tested as to their influence on mycelial growth of Pisolithus tinctorius 
and on mycorrhizal colonization of Eucalyptus grandis by Paula and 
Zambolim (1994). A variety of reactions occurred between complete 
inhibition of mycelial growth (e.g., triadimefon higher than 10 mg/1) to 
the lack of any toxic effect (e.g., captan); mycorrhizal colonization was 
not affected by benomyl, others reduced colonization (e.g., carboxin). 
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Application of chlorpicrin fumigation on Phellinus weini-inhabited 
stumps had no effect on the performance of Douglas-fir seedlings inocu- 
lated with Rhizopogon sp., outplanted close to these stumps (Castellano 
et al. 1993). Bavistin and dithiane M-45 caused an initial Firms kesiya 
seedling volume and mycorrhizal infection decrease, subsequently an 
increase was found (Kumar et al. 1991). Laccaria proxima mycelia may 
not be susceptible to the potential fungicide difluoromethylornithine 
(Zarb and Walters 1994a), but it reduced mycelial growth of Paxillus 
involutus and some enzymatic activities, e.g., ornithine decarboxylase, 
polyamine oxidase activity remained unchanged (Zarb and Walters 
1994b). Firms taeda seedlings sprayed with cyproconazole against fusi- 
form rust showed no differences in ectomycorrhizal development to 
untreated seedlings after 11 months (Carey and Kelley 1994). Fenvaler- 
ate 20% EC, a synthetic pyrethroid, had at 0.25 and 0.5 ppm no effect on 
mycorrhization of Thelephora terrestris and Laccaria laccata on Firms 
patula; at 1.5 ppm a significant reduction was evident (Reddy et al. 
1994). 

Pollution - acidification. One-year-old Finns thunbergii seedlings ecto- 
mycorrhizal with Pisolithus tinctorius were less affected by acid mist (pH 
3, for 10 min per day, twice a week for 3 or 4 months) than nonmy- 
corrhizal controls with respect to transpiration rate and extractable 
phosphorus content of the seedlings; simulated acid mist also retarded 
mycorrhiza formation (Maehara et al. 1993). 

Pollution - effects of ozone (and SOJ. In a review, Shafer and Schoene- 
berger (1994) gained the impression that the understanding of 0, effects 
on ectomycorrhizal systems is very poor. No clear ectomycorrhizal ef- 
fects were found by Shaw et al. (1993) which could have been attributed 
to fumigation treatments (4-year treatment with 1.5 times the ambient 
O3 level and 3 times ambient SO^ level) of Picea abies, P. sitchensis, and 
Pinus sylvestris stands. In a fumigation experiment with ozone at a con- 
centration of 110 mg m'^ during day/40 mg m'^ during night, Perez-Soba 
et al. (1995) found after an 11 -week experiment decreased mycorrhizal 
infection and activity of glutamine synthetase of 4-year-old Pinus sylves- 
tris saplings, while it increased the activity of glutamate dehydrogenase. 

Pollution - acid deposition. A review on the effects of acid deposition 
resulted in the statement that "impacts have been consistent only with 
respect to inconsistency" (Shafer and Schoeneberger 1994). 

Pollution - effects of nitrogen. Brandrud (1995) found evidence that 
oligotrophic Picea abies plots fertilized with ammonium nitrate 
(35 kg ha ‘ yr ') or with nitrogen excluded, a reduction in ectomycorrhi- 
zal fruitbody production was especially pronounced for the dominant 
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genera Cortinarius and Russula, but their diversity was less affected. The 
genus Lactarius showed little change, and a few species such as Paxillus 
involutus and Lactarius rufus showed increased production. In a fumi- 
gation experiment with NHj at a concentration of 40 mg m’’, Perez-Soba 
et al. (1995) found after an 11 -week experiment decreased mycorrhizal 
infection of 4-year-old Pinus sylvestris saplings with enhanced activity of 
glutamate synthetase and glutamine dehydrogenase in 1 -year-old nee- 
des. 

Pollution - greenhouse effect. O'Neill (1994) reviewed mycorrhizal re- 
sponses to elevated atmospheric CO^ concentrations and she stresses 
that only little is known about differing species and their behaAdor in a 
natural ecosystem. Wullschleger et al. (1994) address the significance of 
modeling belowground responses of plants due to raised CO^- 
concentrations and conclude that it appears necessary to answer impor- 
tant new questions experimentally, which otherwise would have not 
being asked. Rygiewicz and Andersen (1994) report the direct measure- 
ment of carbon in and through all major pools of a mycorrhizal conifer- 
ous seedling: mycorrhizae alter the size of belowground carbon pools, 
the quality, and therefore, the retention time of carbon belowground; the 
data indicate that, if elevated atmospheric CO^ and altered climate stres- 
sors alter mycorrhizal colonization in forest, the role of forests in carbon 
sequestering could be altered. In a CO^ elevation experiment (double 
concentration) with Pinus taeda seedlings ectomycorrhizal with Pi- 
solithus tinctorius, Lewis et al. (1994a) could show, due to elevated CO^, 
an increased photosynthetic capacity in nonmycorrhizal seedlings 
grown with limited phosphorus by increasing phosphate regeneration 
capacity, whereas it induced phosphorus limitation in mycorrhizal seed- 
lings and did not affect the photosynthetic capacity of seedlings in a high 
phosphorus treatment. Despite the variety of effects of photosynthetic 
capacity, seedlings in the elevated CO^ treatments had higher net assimi- 
lation rates than seedlings in the ambient CO^ treatment. Results ob- 
tained by Lewis et al. (1994b) on uninoculated but naturally ectomy- 
corrhizal seedlings of Pinus taeda in elevated CO^ concentrations 
(35.5 Pa or 71.0 Pa CO^) suggest that, although elevated CO^ may signifi- 
cantly increase root carbohydrate levels, the increase may not affect the 
percentage of fine roots which are mycorrhizal. Seegmiiller and Rennen- 
berg (1994) found that Quercus robur seedlings ectomycorrhizal with 
Laccaria laccata showed enhanced stem height, stem diameter, fresh 
weight, and dry weight under mycorrhization and elevated CO^ level 
(650 ppmv), as well as lateral root formation; in combination, mycorrhi- 
zation and elevated CO^ had a more than additive, positive effect on tree 
height and biomass accumulation, and further improved lateral root 
formation of the trees. Pinus sylvestris seedlings ectomycorrhizal with 
Pisolithus tinctorius were grown in a petri dish system under 350 and 
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600 |lmol mor‘ CO^ (Ineichen et al. 1995): seedlings grown for 3 months 
in elevated CO^ conditions developed a considerably higher root bio- 
mass, but did not increase root length significantly; three times more 
mycorrhizal clusters were formed, and the extramatrical mycelium pro- 
duced had twice the biomass at elevated as at ambient CO^. Since the 
total water consumption of the seedlings was similar in the two treat- 
ments, the water use efficiency was appreciably higher for the seedlings 
in increased CO^ because of the higher belowground biomass. In a fumi- 
gation experiment with CO^ at a concentration of 700 ml 1', Perez-Soba 
et al. (1995) found after an 1 1 -week experiment that it did not affect any 
of the parameters studied (mycorrhizal infection, GDH, GS, biomass, 
etc.) of 4-year od Pinus sylvestris saplings, but in combination with NHj 
of 40 mg m root branching and mycorrhizal infection strongly de- 
creased, decrease, however, was not really enhanced in comparison to 
NH3 fumigation alone. 

Pollution - effects of toxic metals. Af ^ ions applied in 1 or 10 mM con- 
centration on pure cultures of the ectomycorrhizal fungus Lactarius 
piperatus for 21 days induced a relative enlargement of the less immobi- 
lized portion of plasma membranes, thus causing an increase in mem- 
brane fluidity (Zel et al. 1993). Mycorrhizae of Eucalyptus rudis seedling 
{Pisolithus tinctorius) increased the levels of Ca and Mg in plants grown 
with Al in the soil, in comparison to noninoculated plants, although 
there was no evidence that mycorrhizae increased the levels of P in 
plants grown in Al-amended soils: P levels were higher in the mycorrhi- 
zal sheath of plants grown with Al than the controls (Egerton-Warburton 
et al. 1993). Lactarius piperatus and Amanita muscaria, grown in Al- 
enriched culture media (0.1, 1 and 10 mM Al^*) drastically increased the 
contents of Al, Ca, and Na, while P, Mg, and K decreased with the in- 
creasing Al’"^ concentrations in the media; the Al^* content in the mycelia 
of L. piperatus grown on 10 mM Af"^ was six times higher than in 
A. muscaria at the same concentration (Zel and Bevc 1993). Egerton- 
Warburton and Griffin (1995) obtained evidence that Pisolithus tincto- 
rius mycelial isolates from mine sites had increased tolerance for Al in 
comparison with isolates from sites which were rehabilitated or origi- 
nated from normal forest sites; in addition, increases in Ca and Mg con- 
tent in mine-site mycelia were obvious. Similarly, Leski et al. (1995) gave 
evidence that mycelium of Suillus luteus from polluted soils and high 
aluminum contents show a higher aluminum tolerance. Martin et al. 
(1994a) studied the aluminum polyphosphate complexes in the myce- 
lium of Laccaria bicolor: it could be shown that aluminum is rapidly 
taken up and accumulated into polyphosphate complexes in the vacuole; 
the complexes were not resolubilized after a transfer of the mycelium in 
Al-free media. Jones and Muehlchen (1994) have shown that ectomy- 
corrhizal fungi {Laccaria laccata, Suillus variegatus, and Thelephora 
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terrestris) vary in their growth response to heavy metals (variable con- 
centrations of Cu, Al, and Zn) incorporated into agar plates. Pinus 
sylvestris seedlings naturally ectomycorrhizal were treated with AlClj 
solutions (50 and 150 mg/1) by Janhunen et al. (1995): a decline was ob- 
served in the concentrations of Ca, Mg, and P within the needles, and of 
Ca and Mg in the roots; only after the second growing season were in- 
creased N and K concentrations in the needles and a decline in growth 
observed; Al stress did not result in any observable changes in root anat- 
omy or the number of mycorrhizae. 

Cadmium contents of needles of ectomycorrhizal (Laccaria laccata) 
Norway spruce were significantly lower in comparison to nonmycorrhi- 
zal control plants; most of the cadmium in Laccaria laccata was associ- 
ated with the cell walls and could be exchanged with Nf 

Concentrations of phytochelatins were only half as high in mycorrhi- 
zal roots as in nonmycorrhizal roots (Galli et al. 1993). Cystein-rich 
proteins were indicated by the Gomori-Swift reaction as occurring in a 
higher amount in mycelium of Paxillus involutus from a heavily Cd- 
polluted area in comparison to a less polluted region (Turnau et al. 
1994a). Entry et al. (1994) found evidence that ectomycorrhizal Pinus 
ponderosa and P. radiata seedlings are able to remove three to five times 
more ’°Sr from contaminated soil than seedlings without mycorrhizae. 
Heavy metals like Cd, Cu, and Fe accumulated in Pisolithus tinctorius 
mycelium mainly in electron-opaque granules and in the outer pig- 
mented layer of the cell wall, both characterized by the presence of poly- 
saccharides and cysteine-rich proteins (Turnau et al. 1994b). Tam (1995) 
found a high tolerance of a Pisolithus tinctorius preserved in ATTC cul- 
ture collections to be very resistant to Al, Fe, Cu, Zn, Cd, and Cr, in 
comparison to two strains of Thelephora terrestris and Cenococcum 
geophilum, respectively. Buecking and Heyser (1994) showed that under 
conditions of low external Zn supply, especially a mycorrhizal infection 
of Suillus bovinus with Pinus sylvestris led to an increased Zn uptake in 
root and needles of Pinus sylvestris seedlings. Under high external con- 
centrations, the mycobionts varied considerably in their ability to reduce 
the transport of Zn to the shoot. Only by an infection with Suillus 
bovinus was the plant able to maintain the shoot tissue concentrations 
on a low level. 

Turnau (1993) reviews possible relationships between mycorrhizae 
and toxic metals. Galli et al. (1994) assumed in a review that polyphenol 
granules, which are suggested to have the chemical nature for binding 
sites for heavy metals, seem to be artifacts of specimen preparation; high 
N and S concentrations associated with the polyphosphate granxxles in- 
dicate rather the occurrence of heavy- metal binding by metallothionein- 
like peptides. 
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Pollution - damage of trees. The percentage of living roots and the in- 
tensity of mycorrhization were relatively lower on declining Quercus 
robur and Fagus sylvatica trees than on healthy ones; for the oaks some 
mycorrhizal types with a woolly mantle and many emanating hyphae 
seem to be more frequent on the roots of healthy trees (Van Driessche 
and Pierart 1995). 

Other toxic substances. Baar et al. (1994) tested grass- and litter extracts 
on the growth of some ectomycorrhizal fungi; stimulatory as well as in- 
hibitory effects could be found. With ethylene concentrations of less 
than 640 ppm, Hebeloma crustuliniforme mycelia grew comparably with 
the nonethylene controls, and this species did not protect Betula pen- 
dula seedlings against ethylene (Tosh et al. 1994). 

Afforestation, clear-cut, application. Castellano (1994) compiles results 
on plantation response of forest trees to ectomycorrhizal inoculation, 
outlines new and continuing research projects which investigate out- 
planting response to ectomycorrhizal inoculation, summarizes inoculum 
types and inoculum techniques, and suggests future priorities for re- 
search. Effects of nursery cultural practices on the management of spe- 
cific ectomycorrhizae on bareroot tree seedlings are discussed by Cordell 
and Marx (1994). Screening procedure and selection processes of inocu- 
lants of ectomycorrhizal fungi are considered by Dodd and Thomson 
(1994). The role of ectomycorrhizal fungi in mine site reclamation is 
highlighted by Malajczuk et al. (1994), who include a case study of ecto- 
mycorrhizal role in revegetation areas of waste rock dumps at a tropical 
uranium mine. 

Pseudotsuga meniziesii seedlings inoculated with Rhizopogon vini- 
color and control seedlings, both inhabited by volunteering Thelephora 
terrestris mycorrhizae 1 year after outplanting, had 15 different types of 
ectomycorrhizae, 8 of which were found on both groups of seedlings, 
including Rhizopogon vinicolor. Thelephora terrestris mycorrhizae de- 
creased in abundance from nursery to field situation after 1 year (Berch 
and Roth 1993). Numbers of emergent Picea sitchensis seedlings in a 
nursery were found to be affected by both Laccaria proxima inoculum 
and fertilizer treatment, and the effect of inoculant on seedling numbers 
occurred within the first few weeks after inoculation and was independ- 
ent of mycorrhizal formation (Ingleby et al. 1994). Preinoculation of 
planting holes in degraded areas with soil from intact forests increased 
the number of ectomycorrhizae on Pseudotsuga menziesii, but did not 
change the ectomycorrhizal types present; most of the different pre- 
treatments of the inoculum soil (pasteurized and tyndalized, pesticides, 
fertilizer) had different effects in different soils; generally, tyndalization 
and pasteurization increased the number of Rhizopogon- and Thele- 
phora-type ectomycorrhizae and decreased the number of active bacte- 
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ria, as did untreated forest soil (Colinas et al. 1994). After creation of 
gaps in a Firms contorta forest by felling trees of different numbers, Par- 
sons et al. (1994) provided evidence after a 2-year-period that below- 
ground root and ectomycorrhiza gaps appear only where 30 trees have 
been felled to form a gap; densities of root tips decreased quickly within 
5-6 m of the forest edge, in the center being close to zero. Across an 8- 
year-old clear-cut, however, ectomycorrhizal densities were fairly con- 
stant, and after 5 years, even in the 30-tree gaps ectomycorrhizae were 
established. Genere (1995) studied the performance of Pseudotsuga 
menziesii seedlings, inoculated with a special strain of Laccaria laccata, 
in a field trial; better survival or/and increment was obtained, in com- 
parison to normally colonized nursery seedlings, with only 10% of the 
roots occupied by I. laccata. 



g) Methods 

A PCR-assisted differential screening was developed for cloning cDNAs 
from ectomycorrhizae (Tagu et al. 1993). Tagu and Martin (1994) cloned 
cDNAs corresponding to genes regulated during the development of 
eucalypt mycorrhiza. Isolation, cultivation, and in vitro maintenance 
methods of pure cultures of ectomycorrhizal fungi are described; differ- 
ent fluid media instead of agar media are used (Repac 1993). Smith et al. 
(1994) stored cultures of ectomycorrhizal fungi in sterile deionized water 
at 4 and 18 °C; their viability after a 20-month storage was tested and 
95% of the isolates were retrieved in at least one of the following culture 
conditions; 89% of the isolates retrieved in liquid media, 84% on solid 
media after storage at 18 °C, and 78% on solid media after storage at 
4 °C. Hogberg et al. (1994) critically commented on the method of using 
atom %”N or '*N natural abundance when mycorrhizal and nonmy- 
corrhizal plants are compared regarding N uptake, because also the N 
pool of seeds has to be accounted for. Papa et al. (1994) used enhanced 
chemiluminscence Western blotting in characterization of fruitbodies, 
mycorrhizal tips, and mycelia of Tuber magnatum and Tuber albidum. 
Danell (1994) developed a new aseptic routine method to synthesize 
Cantharellus cibarius ectomycorrhizae. Brun et al. (1995) describe a 
synthesis system for Paxillus involutus and Betula pendula in order to 
obtain uniform mycorrhizal structures at well-defined stages of devel- 
opment. Perrin et al. (1994) developed a method of "soil receptiveness", 
i.e., the ability of a soil to allow development of mycorrhiza previously 
formed on the host plant before transplantation. Lee and Kim (1994) 
obtained better rooting of Quercus acutissima and Pinus densiflora after 
addition of Pisolithus tinctorius cultures to tissue cultures of Q. acutis- 
sima and to cuttings of P. densiflora. Sirrenberg et al. (1995) demon- 
strated heterotrophic callus cells of Picea abies as able to stimulate 
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growth of ectomycorrhizal fungi and induce the formation of my- 
corrhiza-like structures. Kottke (1994) discusses the advantages and 
limits of electron energy loss spectroscopy (EELS) for localization and 
identification of elements in ectomycorrhizae. 



h) Additional Reviews 

Klironomos and Kendrick (1993) compared the mycorrhizal literature 
published in the last four decades and found surprising unequivalences 
between different fields of research. This resulted in a plea to correct the 
imbalances and to focus not only on research on ectomycorrhizae and 
VA mycorrhizae, but to include as well the other classes of mycorrhizae. 
A lack was found in ecological research of disturbed and especially natu- 
ral systems; agrosystems are often focused. A confinement to only a 
small number of taxa was criticized, although some 700 mycorrhizal 
papers appear each year. 

Peterson and Farquhar (1994) compare the seven known mycorrhizal 
classes regarding their fundamental processes and the ensuing altera- 
tions in morphogenesis involved in the establishment of a mutualistic 
symbiosis. Peterson (1994) reviews the present knowledge on modifica- 
tions of the symbionts during ectomycorrhiza formation. Ectomycorrhi- 
zae are compared with vesicular-arbuscular mycorrhizae in terms of 
structure-function relationships (Petersen and Bonfante 1994). Dex- 
heimer and Gerard (1994) compile the ultrastructural changes during 
the establishment of ectomycorrhizae. Bonfante (1994) focuses on al- 
terations of host cell surfaces by mycorrhizal fungi. Cairney and Burke 
(1994) reviewed the possible significances of cell wall-degrading en- 
zymes for ectomycorrhizal symbiosis. Allen et al. (1995) question 
whether the environmental adaptations of mycorrhizal fungi are deter- 
mined by their host plants, as is often thought; they suggest, however, 
that the physiology and genetics of the fungi themselves, along with their 
responses to the plant and the environment, regulate their diversity. 
Wallander (1995) develops a new hypothesis to explain allocation of dry 
matter between ectomycorrhizal fungi and pine seedlings in relation to 
nutrient supply, and concludes that it should be the fungus rather than 
the host which adjusts its carbon allocation patterns to the N supply. 
Smith et al. (1994) consider the structure and development of the inter- 
faces as the sites at which transfer occurs, as well as the mechanisms and 
rates of transfer and the implications of these for plant productivity. 
Although further quantification is required, it is feasible that the exter- 
nal hyphae of ectomycorrhizae may provide a significant delivery system 
for N, K, Cu, and Zn in addition to P in many soils (Marschner and Dell 
1994). Suggestions that ectomycorrhizal fungi contribute substantially to 
the Mg, B, and Fe nutrition of the host plant have not been substanti- 
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ated. MacFall (1994) reviews and presents results of possible effects of 
ectomycorrhizae on biogeochemistry and soil structure. 

Unestam and Damm (1994) give a short compilation of protection 
strategies of ectomycorrhizae against root pathogens. Duchesne (1994) 
concentrates on the role of ectomycorrhizal fungi in biocontrol. Ama- 
ranthus and Perry (1994) review the functional role of ectomycorrhizal 
fungi as spatial and temporal linkages and suggest that linkages can re- 
duce competition for resources, promote forest recovery, and influence 
the pattern of plant succession. The degree of influence depends on 
many factors, including the composition and arrangement of the vege- 
tative community and soil and climatic conditions. The diverse influ- 
ences of different soil organisms on mycorrhizal fungi are discussed by 
Fitter and Garbaye (1994) from the standpoint of the fungal life cycle. 
Bowen (1994) suggests in a review on the ecology of ectomycorrhiza 
formation and functioning that germination of basidiospore in the seed- 
ling rhizosphere occurs particularly with early-stage fungi, while late- 
stage fungi may be at an advantage by germination or growth on exu- 
dates from older parts of roots or on litter, and by their associated mi- 
croorganisms, as well as by their tolerance to antimicrobial substances in 
litter. Relative growth in the rhizosphere is likely to dominate the my- 
corrhizal species composition, and this may be a good selection method 
for organisms tolerant to stress and pollution conditions. Martin et al. 
(1994c) concentrate on the genetics of ectomycorrhizal fungi, discuss 
progress with respect to classical and molecular manipulations, and ad- 
dress some prospects. Kropp and Anderson (1994) highlight influences 
of genetic variability on mycorrhizal formation and function. Francis 
and Read (1994) conclude in a review on the contributions of mycorrhi- 
zal fungi to the determination of plant community structure that "those 
attempting scientifically to understand, or managerically to manipulate 
plant communities, without recognizing the role of the mycorrhizal my- 
celium, do so at their peril". 

The new book Mycorrhiza: Structure, Function, Molecular Biology 
and Biotechnology (Varma and Hock 1995) comprises several articles 
which present overviews of data or new progress in technology: Smith 
(1995) compiles the actual discoveries and discussions regarding my- 
corrhizae and possible and necessary directions in research; Agerer 
(1995b) gives an overview of anatomical characteristics of identified 
ectomycorrhizae and tries to work out some genera-, subgenera- and 
family-specific features; Button and Chalot (1995) report on enzymology 
in ectomycorrhizae regarding nitrogen assimilation; Dahlberg (1995) 
addresses somatic incompatibility in ectomycorrhizae; Debaud et al. 
(1995) highlight the intraspecific genetic variation in ectomycorrhizal 
fungi; Gardner and Barrueco (1995) review problems and prospects of 
mycorrhizal and actinorrhizal biotechnology; Guttenberger (1995) writes 
on the protein complement of ectomycorrhizae; Hahn et al. (1995) 
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compile present knowledge regarding serological properties of my- 
corrhizae; Hampp and Schaeffer (1995) summarize carbohydrate and 
energy metabolism in mycorrhizae; Martin and Tagu (1995) describe the 
molecular perspective of ectomycorrhizal development; Peterson and 
Bradbury (1995) plead using plant mutants, intraspecific variants, and 
nonhosts in studying mycorrhiza formation and function; Scheidegger 
and Brunner (1995) discuss methods, applications, and findings of elec- 
tron microscopy of ectomycorrhizae; Wiemken (1995) addresses the 
potential contributions of studies with in vitro culture systems to the 
understanding of the ectomycorrhizal symbiosis. 



2. Ecentdomycorrhiza (see also Sect, l.e.5) - 
Arbutoid Mycorrhiza - Monotropoid Mycorrhiza 

Peterson and Farquhar (1994) compare ectendomycorrhizae, arbutoid, 
and monotropoid mycorrhizae as well as the other known mycorrhizal 
classes regarding their fundamental processes and the ensuing altera- 
tions in morphogenesis involved in the establishment of a mutualistic 
symbiosis. Leake (1994) reviews the common features of achlorophyl- 
lous, myco-heterotrophic plants. 

Morte et al. (1994) synthesized Terfezia claveryi ectendomycorrhizae 
on Helianthemum almeriense. Hua et al. (1995) reported on ectendomy- 
corrhizal development of Pisolithus tinctorius in pines of nurseries un- 
der artificial inoculation conditions. 

Filippi et al. (1995) found consistently Azospirillum-like bacteria as- 
sociated to arbutoid mycorrhizae. 



3. Some Highlights of This Report Period 

Regarding the impact of elevated CO^ (greenhouse effect), efforts are 
being made to understand the influences on ectomycorrhizae and my- 
corrhizal-mediated tree growth. Although the presented results are still 
very scanty and appear sometimes inconsistent due to a lack in stan- 
dardization from the mycorrhizal point of view (considered are devel- 
opment of extramatrical mycelium, of mycorrhizal clusters, mycorrhizal 
frequency, natural and totally artificial systems), enhanced interest will 
again promote forward such studies. A growth promotion seems very 
likely, but influences of nutrient limitations must be considered in great 
detail. Particularly the effort to measure and follow the complete carbon 
pools of ectomycorrhizal plants is very promising in this respect. 

PCR-assisted studies on rDNA regions of ectomycorrhizal fungi have 
been shown to be very promising, due to the opportunity to follow 
strain- and species distributions and developments in natural soils. 
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When tested, a rather limited strain-specific variation was found; but a 
large screening is still lacking, and therefore it is impossible to date to 
draw a conclusion about the real value of these methods for identifica- 
tion of ectomycorrhizae on a data-bank basis. 

From two different stand points, the importance of extended ex- 
tramatical mycelium for plant nutrition has been shown: the higher the 
amount of mycelium, the higher the phosphorus uptake, and the higher 
the water-use efficiency. A reduced development of extramatical myce- 
lium by raised N supply could be shown to reduce Ca and Mg in the 
shoots. 

A very novel approach with a possibly great future is the studies on 
hydrophobic and hydrophilic capacities of ectomycorrhizae. Particul- 
arly, the investigations of secretion of fluid substances and the change in 
contact behavior of hyphae and hyphal aggregates, the influence of their 
ontogenetical age as well as their relative position to soil compartments, 
open completely new fields for investigations of nutrient uptaking and 
competition. 

Great progress has been made with respect to including animals in 
the studies of ectomycorrhizal occurrence, propagation, cut back by 
grazing, as habitats of protozoans. This is clearly a step towards an eco- 
logical understanding of ectomycorrhizae as being bound into a complex 
net of nutritional pathways. Such ecological studies are indeed suited to 
cover the demand: "those attempting scientifically to understand, or 
managerically to manipulate plant communities, without recognizing 
the role of the mycorrhizal mycelium, do so at their peril, and it is re- 
commended that scientists involved in research on mycorrhiza extend 
their vision beyond the limited horizons which are currently so often 
defined by consideration of the phosphorus nutrition of individual host 
plants" and "be they mycoconservationists, agriculturalists or foresters 
will adjust their practices so that they more sensitively reflect the func- 
tional attributes of the symbiosis. In so doing, they will improve the 
quality of the environment as a whole" (Francis and Read 1994). 
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II. Mycorrhizae: Endomycorrhizae 

By Josef Bohm and Bertold Hock 



1. Introduction 

Mycorrhiza refers to a variety of symbioses between plant roots and 
fungi. They are usually divided into ectomycorrhizae, where the fungus 
does not penetrate the host cells, and endomycorrhizae with intracellu- 
lar fungal structures (Harley and Smith 1983). Seven mycorrhizal types 
are discriminated by Peterson and Farquhar (1994): arbuscular my- 
corrhizae, ectomycorrhizae, ectendomycorrhizae, ericoid mycorrhizae, 
orchid mycorrhizae, arbutiod mycorrhizae, and monotropoid mycorrhi- 
zae. 

Scannerini (1988) summarized the common features of mutualistic 
symbionts as follows: (1) Absence of cytopathological symptoms in the 
partners during the active phase of mutualism; (2) Presence of complex 
interfaces between cells of the partners with a predominant type of peri- 
symbiontic membrane surrounding intracellular symbionts; (3) Presence 
of various types of phagocytic-like structures during the establishment 
of symbiosis and during the "harvesting" phase of symbiont population 
control by the host. The mutualistic symbiosis of mycorrhizae is charac- 
terized by a bidirectional nutrient exchange between the partners. The 
plant acts in most cases as a carbon source for the fungus, whilst the 
fungus supplies mineral nutrients, particularly phosphorus, to the plant 
(Harley and Smith 1983). 

A number of books have recently been published on mycorrhizae, 
demonstrating the increasing attention for this rapidly growing field 
(Gianinazzi and Schiiepp 1994; Pfleger and Linderman 1994; Robson et 
al. 1994; Varma and Hock 1995). The characteristics of arbuscular my- 
corrhizae have been thoroughly reviewed, e.g., Giovannetti and Giani- 
nazzi-Pearson (1994) and Bonfante and Perotto (1995). 



2. Arbuscular Mycorrhizae 

The most widespread type of endomycorrhizae is arbuscular mycorrhi- 
zae (AM), which is a symbiotic association between soil fungi belonging 
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to the Glomales and plant roots. This mycorrhiza occurs in about 80% of 
plants (Smith and Gianinazzi-Pearson 1988) ranging from bryophytes to 
angiosperms with a generally low degree of specifity for the host plant 
(Bonfante-Fasolo 1984). AM fungi usually form an extraradical phase, 
represented by spores and extramatrical mycelia, and a complex in- 
traradical phase consisting of intracellular hyphal coils, intercellular 
hyphae, intracellular arbuscules, and usually inter- and intracellular 
vesicles. Members of Gigasporineae produce extraradical auxiliary cells 
and no intraradical vesicles. Intracellular fungal structures are always 
separated from the host cytoplasma by the invaginated host plasma 
membrane (periarbuscular membrane). Mycorrhizal colonization occurs 
exclusively in the rhizodermis and the cortical parenchyma of roots. The 
fungus does not penetrate the endodermis and is therefore not found in 
the central vascular cylinder. 

During the past years, it has become obvious that conventional agri- 
culture is increasingly endangering the stability of these systems by the 
heavy use of fertilizers and pesticides. Therefore the benefits of AM are 
particularly related with sustainable agriculture. AM fungi improve not 
only plant health and growth, but also soil quality. There are good 
chances that intensified studies on AM will further stimulate the devel- 
opment of agricultural and horticultural techniques that could maintain 
the potential for food production and simultaneously sustain soil fertil- 
ity, while avoiding anthropogenic environmental pollution and the 
waste of energy resources. 



a) AM Spores 

Up to now, detailed information on the cytoplasmatic structures of AM 
spores has been very limited because of the difficulties related to an ade- 
quate preparation of the spore content. Bonfante et al. (1994) revealed 
storage and secretion processes in spores of Gigaspora margarita by 
using novel cryotechniques for fixation followed by transmission elec- 
tron microscopy. The storage structures have been identified as lipid 
droplets delimited by a membrane, protein-like bodies inside specialized 
vacuoles, and glycogen particles. It became clear that the AM spore con- 
sists of two regions with different roles: the first one is rich in nuclei and 
other membraneous systems, while the second might be a storage com- 
ponent with abundant lipids, protein bodies, and glycogen accumula- 
tions. 

Detailed studies on the ultrastructure of spore walls were carried out 
by Maia and Kimbrough (1994) for Glomus intraradices and by Miller 
and Jeffries (1994) for Glomus geosporum. The latter paper includes a 
computer model for the helicoidal structure of the spore wall of 
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G. geosporum and deals with the relative orientation of each layer of 
microfibrils. 

As nonviable spores can maintain their normal appearance for ex- 
tended time periods, living and dead spores can often not be discrimi- 
nated by microscopic examination. Vital stains offer a simple approach 
for assessing spore viability. Walley and Germida (1995) tested tetra- 
zolium bromide and tetrazolium chloride for their ability to detect spore 
viability. They found that tetrazolium chloride is well suited as a rapid 
indicator of AM fungal spore viability. 



b) Spore Germination and Culture 

The obligate symbiotic nature of AM fungi requires inoculum to be 
grown on roots of an appropriate host plant. Jarstfer and Sylvia (1993) 
summarized available information on inoculum production and inocu- 
lation strategies. Several methods for production of inoculum are cur- 
rently used: soil pot culture, soilless media such as perlite, tissue culture, 
hydroponics, and aeroponics. A general survey of factors influencing 
germination of AM spores was also given. 

Single-spore cultures are highly desirable for controlled experiments 
with AM fungi. A procedure which facilitates the production of single- 
spore pot cultures was described by Brundrett and Juniper (1995). First, 
individual spores were incubated on small pieces of membrane filter that 
were in contact with the substrate. Second, squares of membrane filters 
with germinated spores were transferred to pots with seedlings of Trifo- 
lium resupinatum grown on sand. Mycorrhizae were obtained in 90% of 
the inoculated plants. An effective method for producing and maintain- 
ing closed pot cultures of AM fungi was presented by Walker and Vest- 
berg (1994). A simple way to prevent pot cultures from contamination is 
to maintain them in a completely isolated environment. This can be 
achieved by using commercially available tissue culture chambers. The 
Sunbag system offered by Sigma Chemical Company Ltd. consists of 
transparent material with a micropore pannel to allow gas exchange. 

Diop et al. (1994b) succeeded in culturing AM fungi without supple- 
ment of living plant roots. An in vitro culture in the presence of sheared 
mycorrhizal tomato roots was examined for a time period of 3 months. 
Under these conditions. Glomus intraradices and G. versiforme devel- 
oped extramatrical hyphae and spores on water agar in the presence of 
decaying roots. This is the first report of sporulation of AM fungi on 
water agar medium without supplementary nutrients under in vitro 
conditions. The same authors (Diop et al. 1994a) studied dual axenic 
cultures of sheared-root inocula of two AM fungi associated with tomato 
roots. They found that Glomus intraradices and G. versiforme developed 
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extensive extraradical mycelium which sporulated vigorously in a rela- 
tively short time period. 

The influence of compounds released from plant roots and by soil mi- 
croorganisms on spore germination was discussed by Azcdn- Aguilar and 
Barea (1995). Typical root exudates are mono- and disaccharides, amino 
acids, organic acids, hormones, flavonoids, enzymes, and different 
volatiles. According to the authors, the stimulatory effect of microorgan- 
isms include detoxification of the medium, utilization of self-inhibitors 
of AM fungi, and production of stimulatory compounds. 

Carpenter-Boggs et al. (1995) found that spore germination of Giga- 
spora margarita was stimulated by volatiles of some actinomycetes in 
vitro. A positive correlation between germination rates and production 
by actinomycetes of geosmin, CO^ and particularly 2-methylisoborneol 
was observed. This is the first report which correlates a specific volatile 
from actinomycetes with AM spore stimulation. 

Singh and Jha (1994) tested the effect of various bacteriological media 
and fertilizers on mass inoculum production of the two AM fungi. 
Glomus macrocarpum and G. fasciculatum. In all experiments, incorpo- 
ration of bacteriological media stimulated the increase in root volume 
and spore number. Moreover, these positive effects of the tested media 
on AM fungi were more pronounced in the presence of Azospirillum 
brasilense. It is assumed that this could be attributed to growth- 
promoting substances produced by the bacteria. 

So far, only a few studies have been directed at the influence of toxic 
metals on the germination of AM spores. Adaptation mechanisms to 
increased toxic metal concentrations are not yet known. The influence of 
soil aluminum concentration on spore germination and hyphal growth 
was examined by Bartolome-Esteban and Schenck (1994), as the estab- 
lishment of AM fungi in acid soils is expected to depend on the ability of 
these fungi to tolerate high levels of aluminum. No negative effect of 
alumin u m on the germination of Gigaspora or Scutellospora spores 
could be detected, but germination as well as hyphal growth of most 
Glomus species was strongly reduced by aluminum. Weissenhorn et al. 
(1994) tested the tolerance of Glomus spores from polluted and unpol- 
luted soils to cadmium and zinc by means of a germination test. Their 
results indicated that AM fungi from different soils may differ in their 
metal susceptibility and that tolerance mechanisms may be selected in 
metal-polluted soils. As the spores were not disinfected prior to the 
germination test, bacteria adhering to the spore surface may have miti- 
gated the toxic effect on AM spores by either generally improving spore 
germination or immobilizing the metals. 
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Stategies of AM fungi to establish a successful symbiosis with their host 
plants were reviewed in detail by Bonfante and Perotto (1995). They 
analyzed parameters controlling fungal growth, mechanical and enzy- 
matic mechanisms which allow the fungus to colonize root, and modifi- 
cations of plant gene expression during fungal colonization. 

In the absence of host plants, presymbiotic hyphae cease growing and 
eventually die (Bonfante and Bianciotto 1995). However, in the presence 
of host plants, the fungal hyphae come in contact with the root surface 
and start symbiotic establishment. Giovannetti et al. (1993) investigated 
hyphal morphogenesis of AM fungi before colonization. They observed 
more extensive hyphal growth in the presence of host roots and con- 
cluded that an early event in recognition is a chemotrophic signal for 
differential hyphal morphogenesis, elicited by the roots of host plants. 
Giovannetti et al. (1994a) then utilized different plant species that are 
hosts of different types of mycorrhizae to investigate early processes in 
host recognition by AM fungi. They showed that AM fungi are able to 
distinguish their host roots from all other plant species and that this 
recognition process is controlled by signals from the roots. The ex- 
traradical hyphae swell apically when coming into contact with the root 
surface, and increase in size to form an appressorium. According to Gio- 
vannetti et al. (1994b), these structures are developed by AM fungi only 
on the surface of host roots and not on roots of nonmycorrhizal or non- 
host plants accommodating other mycorrhizae. 

The formation of appressoria is not always correlated with the estab- 
lishment of a functional symbiosis. Resistance reactions to Glomus 
mosseae were described in roots of a myc' mutant of Pisum sativum 
(Gollotte et al. 1993). In this case, G. mosseae was able to form appresso- 
ria on the root surface, but any futher penetration was inhibited by the 
deposition of phenolic compounds on the walls of those cells where 
colonization was attempted. So far, nothing is known of the signals in- 
ducing appressorium formation (Giovannetti et al. 1994b). 

Tawaraya et al. (1994a) concluded from their experiments with Giga- 
spora margarita and Allium cepa that phosphate application has no in- 
fluence on the metabolic activity of internal hyphae but significantly 
reduces appressorium formation. 



d) Intraradical Colonization 

Morphology. Present knowledge indicates that AM fungi originated 400- 
500 million years ago (Pirozynski and Dalp^ 1989; Simon et al. 1993a). 
Remy et al. (1994) observed arbuscules in Aglaophyton major, an Early 
Devonian land plant. The arbuscules, which occur in a specialized meris- 
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tematic region of the cortex, are morphologically identical to those of 
living AM fungi. 

A light- and electron-microscopy study on the interaction between 
AM fungi and gametophytes or young sporophytes of the Gleicheniaceae 
(Filicales) was carried out by Schmid and Oberwinkler (1995). They ob- 
served an aseptate fungus invading the gametophyte tissue through 
rhizoids. A distinct zone where the fungus spreads by linear or coiled 
hyphae without forming arbuscules could not be discriminated. Coiled 
hyphae alone occurred only in the first colonized cell layer. All other 
host cells contained coils with arbuscules. 

When the fungus appears inside the root tissue, intercellular hyphae 
are usually found in the intermediate layers of the cortical root paren- 
chyma. Intercellular hyphae have not been observed so far in members 
of the order Gentianales. It is reported that AM fungi are restricted to an 
entirely intracellular spread within the host roots from cell to cell 
(Jacquelinet-Jeanmougin et al. 1987). Tiemann et al. (1994) showed that 
AM hyphal spread in three examined species of Asclepiadaceae 
(Gentianales) differed from the colonization strategy described above. 
They reported an intensive intercellular hyphal spread in the root tissue 
of Asclepias curassavica, Ceropegia woodii and Cynanchum vince- 
toxicum. The development of the AM fungus Glomus intraradices in 
three cruciferes (Capsella bursa-pastoris, Hesperis matronalis, Matthiola 
incana) in the presence or absence of the mycothrophic grass Sorghum 
sudanense was tested by DeMars and Boerner (1995). Mycorrhizal de- 
velopment in roots was limited to hyphae and vesicles; no arbuscules 
were observed. They also showed that colonization was more efficient in 
plants grown in the grass matrix than grown alone. 

Physiology. The involvement of proteins in symbiont compatibility and 
their application as tools for identifying the fungal partner was discussed 
by Gianinazzi-Pearson and Gianinazzi (1995). The formation and func- 
tion of AM require complex physiological changes in both symbionts. 
Changes in polypeptide patterns in tobacco roots colonized by Glomus 
mosseae or G. intraradices were examined by Dumas-Gaudot et al. 
(1994b). They found that AM colonization led to significant changes in 
polypeptide patterns including both repression and induction of protein 
synthesis. Furthermore, differences were also observed at the time of 
appearance or disappearance of some polypeptides, depending on the 
fungal species. It is not known so far whether these polypeptides are of 
fungal origin or part of the host response. Endomycorrhiza-specific 
polypeptides in tomato roots transformed by root- inducing T-DNA (Ri 
T-DNA) and colonized by Glomus intraradices were also detected 
(Simoneau et al. 1994). They reported the presence of two polypeptides 
with estimated apparent masses of 24 and 39kDA only in colonized 
roots. 
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Since the primary effect of AM fungi consists in most situations in an 
improvement of phosphate uptake by the host plant (Gianinazzi- 
Pearson and Gianinazzi 1995), enzymes associated with phosphate me- 
tabolism are of great interest. Recently, some enzymes activites related 
to the phosphate metabolism have been detected in mycorrhizal roots, 
such as alkaline (Gianinazzi-Pearson and Gianinazzi 1978) and neutral 
phosphatases (Jeanmarie et al. 1985). The occurrence of infection- 
specific phosphatases in Tagetes sp. roots colonized with AM fungi was 
reported by Ezawa and Yoshida (1994a, b). Ezawa and Yoshida (1994a) 
described a neutral phosphatase, Ezawa and Yoshida (1994b) an acid 
phosphatase specific to colonization. Ezawa et al. (1995) compared 
phosphatase localization in the intraradical fungal structures of two 
Glomus (G. mosseae or G. etunicatum) and one Gigaspora (Gi. rosea) 
species in Tagetes patula and Allium porrum. They showed that the two 
Glomus species exhibited a similar pattern of phosphatase localization, 
in contrast to Gigaspora rosea. An acid phosphatase inhibitor sup- 
pressed the phosphatase activities in Glomus species but did not affect 
that of Gigaspora at pH5. At pH8.5, an alkaline phosphatase inhibitor 
suppressed the activity of Gigaspora, while the two Glomus species were 
not affected. Thiagarajan and Ahmad (1994) found an increase in acid 
and alkaline phosphatase activity in mycorrhizal roots {Glomus palli- 
dum/Vigna unguiculata) on days 30 and 40 after inoculation. They sug- 
gested that the synthesis of phosphatases depends on the host species 
and the involved fungal strain. 

Pathogenesis-related proteins. The plant pathogenesis-related hydrolases 
(3-1,3-glucanase and chitinase are abundant proteins, which are widely 
distributed in many plant species. Because chitin, as well as p-1,3- 
glucans, is often a major component of fungal cell walls, it is assumed to 
be involved in plant defence responses (for review see Meins et al. 1992). 
The occurrence of chitin in AM fungi is known (Bonfante-Fasolo and 
Gianinazzi-Pearson 1986), and the appearance of P-l,3-glucanases in 
walls of some AM species has only recently been proven (Gianinazzi- 
Pearson et al. 1994; Lemoine et al. 1995; see also Sect. 2.m). Lemoine et 
al. (1995) studied by indirect immunogold labeling the localization of |3- 
1,3-glucans in the cell walls of the AM fungi Glomus mosseae and Acau- 
lospora laevis during colonization of Nicotiana tabacum and Pisum sati- 
vum. The distrubtion patterns of these polysaccharides were similar for 
both fungi colonizing roots of the two plant species. The glucans were 
detected in the walls of external hyphae, hyphal coils, and intercellular 
hyphae developing in outer root tissues. A decrease was associated with 
the thinning out of the hyphal walls deeper in the root. P-l,3-glucans 
were detected neither in hyphal walls of the parenchyma cortical tissue 
nor in arbuscular hyphae. 
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The activities of chitinase and |3-l,3-glucanase in the roots of tomato 
as host plant were compared by Vierheilig et al. (1994) to three nonhost 
plants (rape, spinach, lupin) after inoculation with Glomus mosseae. 
They tested the hypothesis whether these enzymes are involved in de- 
fence responses of nonmycorrhizal plants. Only in rape roots was 
chitinase activity weakly induced by inoculation. The level of glucanase 
activity was barely affected in tomato and lupin, but in spinach and a 
rape cultivar a clear decrease was observed several days after inocula- 
tion. Glucanase activity of the rape cultivar can be repressed even if no 
intraradical fungal structures can be detected. The authors concluded 
that none of these reactions is directly involved in the inability of certain 
plants to form AM. 

Vierheilig et al. (1995b) studied the effect of constitutive expression of 
several pathogenesis-related proteins (PRs) in transgenic tobacco plants 
on the colonization of Glomus mosseae. In general, the tested PRs did 
not affect the time course or the final level of fungal colonization. A de- 
layed colonization was observed only in plants constitutively expressing 
a protein with acidic P-l,3-glucanase activity. They concluded that 
beneficial symbiotic fungi might be adversely affected by transgenes 
introduced into plants. Dumas-Gaudot et al. (1994a) investigated 
chitinase activity in mycorrhiza-resistant, non-nodulating and wild-type 
pea genotypes after inoculation with Glomus mosseae. They observed no 
differences in basic isoform patterns in the various pea genotypes. How- 
ever, an additional acid chitinase isoform was observed as soon as 1 
week after colonization in roots of the wild-type pea and the non- 
nodulating mutant. The enzyme had a molecular mass of approximately 
27 kDa. 

Flavonoids. Flavonoids and isoflavonoids are important classes of signal- 
ing molecules. They can act not only as auxin transport inhibitors, but 
also as flower pigments, phytoalexins, and signal molecules for interac- 
tions between plants and microorganisms. Flavonoids and isoflavonoids 
may also play a role in the early interaction of plants and fungi in AM 
symbiosis. They are reported to increase germination of AM spores or 
hyphal growth (for review see Azcon- Aguilar and Barea 1995) and to 
stimulate root colonization by an AM fungus (Nair et al. 1991). 

Harrison and Dixon (1994), using a combination of Northern blot 
analysis and in situ hybridization, concluded from an experiment with 
Medicago truncatula and Glomus versiforme that the establishment of 
the mycorrhizal interaction results in a cell-specific differential expres- 
sion of genes for phenylpropanoid biosynthesis. In colonized roots, 
higher expression of phenylalanin ammonia-lyase and chalcone syn- 
thase (CHS) transcripts was found specifically in cells containing arbus- 
cules. On the contrary, high levels of isoflavone reductase transcripts 
were detected at relatively high levels of noncolonized roots, but they 




Mycorrhizae: Endomycorrhizae 



563 



could hardly be discovered in cells containing arbuscules. As flavonoids 
can inhibit auxin transport, it is conceivable that their accumulation in 
colonized roots could alter the distribution of auxin and affect the active 
transport of sugars into these cells, thus influencing the amount of car- 
bohydrate available for the fungal symbiont. 

Xie et al. (1995) found in the tripartite symbiotic association of Gly- 
cine max, Bradyrhizobium japonicum and Glomus mosseae that the bac- 
terium enhanced AM fungal colonization before nodule formation and 
even in non-nodulation soybean mutants. A stimulatory effect on fungal 
colonization was also observed in wild-type soybean plants after inocu- 
lation with ineffective rhizobial strains. This suggests that plant fla- 
vonoids mediate the Nod factor-induced stimulation of mycorrhizal 
colonization in soybean roots. However, the involvement of flavonoids 
in root colonization of AM fungi is doubted by Becard et al. (1995): in 
vivo experiments with maize plants deficient in CHS acitvity, which is 
required for the biosynthesis of flavonoids (Harrison and Dixon 1994), 
showed that the roots of these mutants were equally colonized with AM 
fungi as maize roots with CHS activity. Furthermore, an in vitro experi- 
ment was carried out with Ri T-DNA transformed carrot roots colonized 
by Gigaspora margarita. HPLC, UV spectral and ‘H NMR analyses of 
root tissue detected no flavonoids but various derivatives of caffeic acid. 
Subsequently, the attempt was made to sequester putative flavonoids 
exuded by roots even in very low concentrations. Polyvinylpolypyr- 
rolidone (PVP), which is known to bind a wide variety of flavonoids 
(Doner et al. 1993), was added to dual cultures of carrot roots and Giga- 
spora margarita. In accordance with the other findings, PVP did not 
prevent successful mycorrhizal establishment. The authors concluded 
that root metabolites in addition to flavonoids might stimulate fungal 
growth and that flavonoids are not necessary for the establishment of 
mycorrhizal symbioses. 

Mycorradicin. Gerdemann (1961) discovered that roots of gramineous 
plants such as maize turn yellow upon colonization with AM fungi. The 
yellow pigment has recently been chemically identified as a water- 
soluble carotinoid with 14 carbon atoms and named mycorradicin 
(Klingner et al. 1995a). The localization of the yellow pigment was exam- 
ined by Klingner et al. (1995b) in roots of several Pocaceae species colo- 
nized by three different Glomus isolates. It was found in the vacuoles of 
root parenchyma cells, but never in any of the fungal cell structures. 
Even the vacuoles of endodermis cells were filled with this pigment. 

AM colonization is restricted to cortical cells, whereas the tissue 
within the endodermis remain uncolonized (Harley and Smith 1983). In 
accordance, Klingner et al. (1995b) never observed fungal structures 
within the endodermis. They suggested that a fungal signal must induce 
pigment deposition, even in uncolonized plant cells. Surprisingly, this 
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yellow pigment could not be isolated from yellow roots of plants of other 
families, including the related Liliaceae. 

Polygalacturonase. Peretto et al. (1995) compared the activity and local- 
ization of polygalacturonase in Allium porrum roots colonized with 
Glomus versiforme and nonmycorrhizal controls. Using fast protein liq- 
uid chromatography, they found a qualitative difference of polygalac- 
turonase activity between mycorrhizal and nonmycorrhizal roots. In 
addition, immunolabeling of the hydrolic enzyme revealed its presence, 
particularly at the interface zone. The simultaneous presence of the en- 
zyme and its substrate suggests that the fungus could use plant pectins 
as nutrient source. 

Host genotype. Distinct physiological properties of host plants are 
known as important determinants for successful mycorrhiza formation 
and functioning. These plant characteristics were reviewed by Az6n- 
Aguilar and Bago (1994). In addition, host genotype influences the rate 
and extent of AM formation (Graham and Eissenstat 1994; Peterson and 
Bradbury 1995). The chromosomal location of mycorrhizal responsive 
genes in different wheat cultivars was examined by Hetrick et al. (1995). 
By using a set of intervarietal substitution lines of wheat plants, they 
found a correlation between mycorrhizal responsiveness and certain 
genes located on different chromosomes. As proposed earlier, mycorrhi- 
zal dependence has been bred out of many modern wheat cultivars. 
Boyetchko and Tewari (1995) investigated the susceptibility of different 
barley cultivars to AM fungi. They showed in a greenhouse experiment 
that the three tested Glomus species increased growth and yield in some 
barley cultivars, depending on the fungal species. This indicates that a 
degree of host specifity exists in AM fungi, and it is suspected that the 
host genotypes may influence the effectiveness of the symbiosis. 



e) SoilHyphae 

The contribution of extraradical AM fungal hyphae to biogeochemical 
cycling in ecosystems was discussed by Miller and Jastrow (1994). A 
careful survey of AM fungal hyphae in soil was given by Friese and Allen 
(1991). They classified the primary hyphal architectural types as runner 
hyphae, hyphal bridges, absorptive hyphal networks, and infection net- 
works. The morphology and function of these different types of hyphae 
were also discussed in great detail. Recent approaches to the study of the 
extraradical mycelium of AM fungi were reviewed by Dodd (1994). He 
highlighted differences between AM fungal species with regard to mor- 
phology, spread and physiology. 
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A comprehensive discussion of the methods used for extracting and 
quantifying extraradical mycelium was given by Green et al. (1994). It is 
known that the amount of mycelium produced by different AM fungi 
can vary considerably (Jakobsen et al. 1992). These findings were also 
confirmed in this study (Green et al. 1994). They showed that Glomus 
monosporum produced twice as much mycelium as Glomus geosporum 
per unit length of mycorrhizal roots under the same conditions. 

Only little is known as yet of the spread of AM hyphae from a my- 
corrhizal plant through soil in the absence of other plant roots. For this 
reason, Harinikumar and Bagyaraj (1995) investigated the active spread 
of fungal hyphae originating from a mycorrhizal leucaena plant 
{Leucaena leucocephala) in soil with no interference from roots of other 
plants in a compartment system. Their study revealed that the external 
hyphae of the AM fungus Glomus fasciculatum can grow within 180 days 
to a distance of 300 mm. 

As extraradical hypae can act as a source of inoculum (Friese and Al- 
len 1991), survival of hyphae in frozen soil even in the absence of roots 
would clearly increase the propagation potential of these fimgi clearly. 
Addy et al. (1994) studied the survival of the external mycelium of a 
Glomus isolate in frozen soil. They found that some hyphae survived 
freezing and were able to act as a source of inoculum in the following 
spring. They observed a change in the distribution of viable cytoplasm 
within hyphae which is thought to represent an adaptation allowing hy- 
phae to survive freezing temperatures. 

Hyphal growth and spreading of AM fungi across the rhizosphere of 
host and nonhost plants was investigated by Vierheilig et al. (1995a). 
The influence of three nonmycorrhizal plants (rape, lupin, spinach) was 
tested for their ability to cause a delay in colonization in a mycorrhizal 
plant (soybean). While the presence of a lupin plant had no influence, 
rape plants delayed the colonization of the soybean plant considerably. 
Spinach caused an initial delay of colonization. These results demon- 
strate that the rhizospheres of some, but not all, nonhost plants may 
interfere with the spreading of mycorrhizal fungi from a donor to an 
acceptor plant. In the case of rape, the authors suggested that glucosino- 
lates contribute to the inhibitory effect on mycorrhizal spreading. 



f) Phosphorus Uptake and Transport 

The influence of AM fungi on phosphorus (P) uptake by mycorrhizal 
plants has received considerable attention for many years (Tinker 1975). 
Whereas relatively large amounts of P are required by plants, it is usually 
available only in very low concentrations in soil solution of native soils. 
A large proportion of P in soil is present in inorganic insoluble forms, 
not readily available to plants. Furthermore, the availability of P in the 
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organic form, e.g., phytate, is controlled by mineralization rates in soil. 
As plants remove P mainly from the soil solution, a depletion zone may 
develop around the roots. In the absence of mycorrhizae, P uptake by 
plants is limited by slow P diffusion processes. The primary advantage of 
mycorrhizal hyphae in P uptake is therefore the ability of hyphae to ex- 
tend beyond the P depletion zone of the roots (for reviews see Hetrick 
1989; Jakobsen et al. 1994; Jakobsen 1995). However, it is also possible 
that hyphae utilize P sources of low plant availability (Jakobsen et al. 
1994). A more specific adaptation of hyphae could be a high surface 
phosphatase activity to mobilize organic P (George et al. 1995). 

Pearson et al. (1994) investigated the competition between the two 
AM fungi Glomus sp. WUM 10 and Scutellospora calospora during the 
colonization of Trifolium subterraneum at different soil P contents. They 
observed that soil P levels influenced the outcome of competition be- 
tween the two isolates. They concluded that root carbohydrates directly 
influence the outcome of competition between the two fungi during the 
colonization of roots. 

Experimental approaches allowing the separation of soil zones with 
hyphae from soil zones with hyphae plus plant roots have greatly facili- 
tated studies on AM hyphal fractions. In these compartment systems 
(rhizoboxes), soil-filled hyphal compartments are separated from the 
rooting compartment through a fine mesh allowing free passage of hy- 
phae but not of roots. The hyphal compartment allows to measure the 
contribution of the fungus to nutrient uptake and transport without any 
interferences of plant roots. The advantages and applications of com- 
partment systems were reviewed by Jakobsen (1994). 

Green et al. (1994) improved die quantification of mycelial develop- 
ment of AM fungi in a compartment system. They concluded that an 
image analysis system can facilitate the estimation of hyphal mass com- 
pared to conventional methods. Sodium hexametaphosphate was used 
by Moutoglis et al. (1995) as a soil dispersant for observing extraradical 
mycelium of AM fungi on plant roots from the field. 

Using a compartment system, Tarafdar and Marschner (1994) meas- 
ured the production of phosphatase by the extramatrical mycelium of 
Glomus mosseae in association with Triticum aestivum. They found that 
phosphatase activity was strongly correlated with hyphal length. Their 
results demonstrated the production of phosphatase by mycorrhizal 
hyphae and a stimulatory effect of organic P in the form of phytate on 
mycorrhizal colonization and hyphal growth. In contrast, Joner et al. 
(1995) observed that extraradical hyphae of Glomus caledonium or 
Glomus invermaium in association with Cucumis sativus showed no ex- 
tracellular phosphatase acivity. They assume that AM hyphae have no or 
only a minor role in the mineralization of soil organic phosphate. In 
subsequent experiments, Joner and Jakobsen (1995a) found further evi- 
dence that extraradical hyphae of AM fungi do not produce extracellular 
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phosphatases. They assume that the influence of AM fungi on phos- 
phatase activity in root-free soil seems to be an indirect one, mediated 
by interactions with other soil microorganisms. Future studies will have 
to show whether hyphal phosphatase activity is common among AM 
fungi. 

The role of two glomalean fungi in the utilization of P from organic 
matter during soil mineralization was investigated in a compartment 
system by Joner and Jakobsen (1994). They found that hyphae of Glomus 
caledonium and Glomus sp. WUM 10 can transport sufficent amounts of 
P released from organic matter to host plants {Cucumis sativus). In ad- 
dition, they showed that the two Glomus species varied in their ability to 
transport P. In subsequent work, Joner and Jakobsen (1995b) concluded 
from another experiment with Trifolium subterraneum/Glomus inver- 
maium that mycorrhizal roots or AM hyphae had no director access to P 
in organic matter than nonmycorrhizal roots. The P transport capacity 
of the associated hyphae also depends on the host plant species, 
Ravnskov and Jakobsen (1995) tested the influence of three plant species 
(cucumber, wheat, flax) on hyphal P transport in Glomus caledonium 
and G. invermaium. They found that hyphal transport of P was high in 
G. caledonium in symbiosis with all three plant species, whereas G. in- 
vermaium transported significant amounts of P only when associated 
with flax. 

Only little information exists on the influence of soil P content on the 
development of extraradical AM mycelium during early stages of my- 
corrhizal formation. Miranda and Harris (1994) studied the influence of 
soil P content on the growth of the external mycelium of germinating 
spores and noticed differences between the three tested AM species 
Glomus etunicatum, Glomus E3 and Scutellospora heterogama in their 
response to P concentration in the soil. Sc. heterogama exhibited a 
higher sensivitvy than the two Glomus species. When 250 |lg P g‘‘ was 
added to the soil, the growth of extraradical mycelium in soil generally 
decreased. The primary effect of P on AM formation seems to be a re- 
duction in growth of external hyphae. 



g) Nitrogen Uptake and Transport 

The influence of plant nitrogen (N) status on the hyphal N transport to 
the host plant was investigated by Johansen et al. (1994) in the associa- 
tion Glomus intraradices/Cucumis sativus. They observed that a high N 
status of the plant decreased the mycorrhizal transport of the applied 
ammonium. This indicates that hyphal N transport by AM may be regu- 
lated by a mechanism influenced by the N concentration in the host 
plant. Tobar et al. (1994) tested the ability of extraradical Glomus fascicu- 
latum hyphae to absorb and transport nitrate under water-stressed 
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conditions in a compartment system. They observed a marked N en- 
richment in mycorrhizal Lactuca sativa plants which was taken as strong 
support for hyphal transport of nitrate ions in relatively dry soils. The 
effects of different N sources on AM function in terms of nutrient uptake 
and growth of non-nodulated Erythrina poeppigiana were evaluated by 
Cuenca and Azcon (1994) in a greenhouse experiment. They found a 
general similarity between mycorrhizal and nonmycorrhizal plants when 
N was supplied as ammonium. On the other hand, an increased growth 
and nutrient uptake by mycorrhizal plants supplied with nitrate was 
observed. Differences in the effectiveness between the five tested AM 
fungi were also revealed. Tawaraya et al. (1994b) concluded from meas- 
urements of amino acid concentrations in the rhizosphere that AM fungi 
utilized these compounds. 



h) Hormones 

A study carried out by Esch et al. (1994) with an indirect ELISA indi- 
cated that spores and extraradical hyphae of two Glomus isolates (T6 
and D13) contain free and glycosylated abscisic acid (ABA). Their find- 
ings are in line with earlier data suggesting that ABA is considerably 
enhanced in roots and shoots of AM colonized plants as compared to 
controls (Danneberg et al. 1992). According to the authors, ABA may 
control influxes of water and mineral salts from the soil to the hyphae or 
from intraradical fungal structures to the root cells. 



i) Carbon Metabolism 

Shachar-Hill et al. (1995) studied the carbohydrate metabolism in Allium 
porrum roots and in Glomus etunicatum, both growing alone or in mj- 
corrhizal association, respectively. Using NMR spectroscopy with '’C 
glucose labeling, they showed the incorporation of label from glucose 
into trehalose, glycogen, and mannitol by the fungus and into sucrose by 
the host. Furthermore, incorporation of labeled glucose into sucrose by 
Allium porrum was markedly reduced in colonized roots, but glucose 
consumption was increased as compared to uncolonized roots. It was 
concluded that carbohydrate metabolism of host and fungus are signifi- 
cantly altered in the symbiotic state. 



k) Micronutrients 

The contribution of mycorrhizal fungi to micronutrient uptake by plants 
was reviewed by George et al. (1994). They stressed the difficulties in- 
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volved in predicting mycorrhizal effects on plant microelement balance 
because the responses depend not only on the specific element, but also 
on soil conditions and plant and fungal type. Posta et al. (1994) demon- 
strated that the low manganese (Mn) concentrations in mycorrhizal 
plants result not only from a decrease in manganese reducers in the rhi- 
zosphere but also from a significant decrease in Mn-solubilizing root 
exudates. Thompson (1994) found that AM inoculation can enhance 
growth of Linutn usitatissimum by improved zinc (Zn) uptake. Burkert 
and Robson (1994) demonstrated with a compartment system that hy- 
phae of AM fungi are able to take up Zn and translocate it to Trifolium 
subterraneum. Their results further showed that the three tested fungi 
Acaulospora laevis, Glomus sp. and Scutellospora calospora differed 
greatly in Zn uptake. A great increase in copper (Cu) uptake of my- 
corrhizal Argania spinosa plants was reported by Nouaim et al. (1994). 
Galli et al. (1995) found an increase in SH groups in Cu-treated maize 
plants inoculated with the AM fungus Glomus intraradices. Since these 
additional thiols were not used for an increased synthesis of Cu-binding 
peptides, they concluded that AM fungi may not protect maize plants 
from Cu toxicity. 



1) Identification 

Molecular techniques are expected to greatly facilitate identification and 
quantification of AM fungi. Classical approaches already encounter 
considerable difficulties at the spore level, which become insurmount- 
able in the case of hyphae. On the other hand, field studies require in- 
formation on the amount of fungal inoculum, its competition with the 
indigenous microorganisms and its ability to colonize host plants. 
Therefore, current trends and developments are summarized in the next 
paragraphes. 

DNA. The polymerase chain reaction (PCR) is one of the most important 
tools used in molecular biology because it allows selective amplification 
of a particular segment of DNA. It requires two oligonucleotide primers 
that flank the DNA fragment to be amplified and repeated cycles of 
heating, annealing and extending of the annealed primers by DNA po- 
lymerase. Ribosomal DNA (rDNA) segments have been extensively ana- 
lyzed in recent years to assess both close and distant relationships 
among many kinds of organisms. The interest in rDNA results from two 
important properties: (1) Ribosomes are present in all cellular organisms 
and share a common evolutionary origin. (2) Some rDNA sequences are 
sufficently conserved and may serve as reference points that enable 
alignment of less conserved areas, which are used to measure evolution- 
ary relationships (Kurtzmann 1994). rDNA is a mid-repetitive sequence 
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consisting of three coding regions of different sizes (18S, 5.8S, and 28S) 
which are separated by two internal transcribed spacers (ITS regions). 
The latter are not translated and are thought to evolve faster than the 
conserved coding regions. Therefore, they vary among closely related 
species (White et al. 1990). 

An important tool for evaluating DNA sequence variation is the 
analysis of restriction fragments length polymorphism (RFLP). It uses 
restriction enzymes, i.e., endonucleases, which recognize and cut spe- 
cific DNA sequence motifs. Digestion of a particular DNA molecule with 
such an enzyme results in a reproducible set of fragments. Numerous 
publications report on the successful use of rDNA polymorphisms in 
population biologiy and systematics (for review see Weising et al. 1995). 

Sanders et al. (1995) used for their PCR-RFLP study two universal 
primers to amplify the 5.8S rDNA and the two flanking ITS regions. 
DNA preparations from single spores from the three species Acau- 
lospora laevis, Glomus caledonium, and G. mosseae were used for charac- 
terization. The size of this region, ca. 600 base pairs, varied only slightly 
between different species. However, digestion of the PGR products with 
the restriction enzymes Hinfl and TaqI resulted in banding patterns that 
showed clear and reproducible differences between the three tested spe- 
cies. The sum of the fragment sizes generated from the amplification 
product of either G. mosseae or Ac. laevis after digestion with the enzyme 
TaqI was larger than expected. Therefore, PGR products of the ITS re- 
gions of a single Glomus mosseae spore were sequenced. Each sequence 
was 579 base pairs in length but one out of three sequences differed at 22 
positions. This strongly indicates that individual spores of this fungus 
contain at least two different ITS sequences. It is not known whether the 
different sequences result from different ITS repeats in the same nucleus 
or whether different families of nuclei exist with different ITS sequences 
within a single AM fungal spore. 

Several approaches have been undertaken to identify AM fungi in 
mycorrhizal roots. PGR amplifications of AM fungal DNA have been 
carried out so far only with spores (Simon et al. 1992, 1993b; Wyss and 
Bonfante 1993; Sanders et al. 1995) or colonized leek roots (Simon et al. 
1992). Bonito et al. (1995) tested the suitability of colonized roots of 
other plants (endive, lettuce, pepper, zinnia). The seminal work in this 
field was carried out by Simon et al. (1992), who developed a specific 
primer for AM fungi. This primer in combination with an universal 
primer amplifies a segment of the 18S rDNA of AM fungi. Bonito et al. 
(1995) identified the inoculated fungus Glomus intraradices in all exam- 
ined plant roots. A molecular strategy to detect AM fungi in roots sam- 
pled from a natural community was performed by Glapp et al. (1995). 
Their PGR amplificates with universal and AM taxon-specific primers 
(Simon et al. 1993b) in combination with substractive hybridization (to 
remove interfering plant-derived DNA) showed that some roots of Hya- 
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cinthoides non-scripta were simultaneously colonized with at least three 
genera of AM fungi. 

The random amplified polymorphic DNA (RAPD) strategy was used 
by Lanfranco et al. (1995). In this case, a short oligonucleotide of arbi- 
trary sequence is taken for the amplification of anonymous DNA frag- 
ments, based on standard PCR methology. Short arbitrary oligonucleo- 
tides can detect DNA polymorphism in the absence of specific nucleo- 
tide sequence information. The revealed polymorphisms act as RAPD 
markers (Williams et al. 1990; for review see Weising et al. 1995). Based 
on RAPD-PCR technology, Lanfranco et al. (1995) disclosed specific 
random primers for the identification of isolates of Glomus mosseae. A 
specific RAPD band was identified and sequenced. Then a specific 
primer pair was designed for the amplification of this DNA region. All 
G. mosseae isolates tested yielded the same expected amplified fragment 
with these primers. DNA was specifically amplified not only from 
G. mosseae spores, but also from roots of pea, clover, leek, and onion 
plants after colonization with G. mosseae isolates. DNA probes specific 
for the amplified DNA region were also obtained. This probe selectively 
recognized G. mosseae isolates among the nine tested AM species. 

Zez^ et al. (1994) reported for the first time on a partial genomic li- 
brary from an AM fungus, Scutellospora castanea. This genomic DNA 
was subsequently used to probe for fungal tissue within roots. Prelimi- 
nary resxilts indicate that some of the cloned inserts are specific to 
Sc. castanea while others also hybridize with sequences obtained from 
other genera of the Glomales. An important goal of this strategy is to 
generate primers specific to species or even isolates of AM fungi. 

Lipids. The potential use of fatty acid methyl ester (FAME) profiles as 
taxonomic characters for AM fungi was first pointed out by Jabaji-Hare 
(1988). More recently, Sancholle and Dalp^ (1993) characterized FAME 
profiles from nine species of AM fungi. An application of the abundance 
of lipids in spores and vesicles of colonized roots as a biochemical char- 
acter for taxonomic purposes of AM fungi was tested by Bentivenga and 
Morton (1994a) and Graham et al. (1995). To obtain more information 
on the suitability of lipid composition of AM fungi for chemotaxonomy, 
Graham et al. (1995) analyzed FAME profiles in 53 isolates of 24 glo- 
malean species. It was found that lipid profiles converge at the family 
level. They concluded from their results that FAME profile comparisons 
provided a robust measure of similarity below the family level. Ben- 
tivenga and Morton (1994a) investigated the stability and heritability of 
FAME profiles of AM fungi for their efficacy as taxonomic tools. The 
survey included eight species, five of which were propagated on three 
plant species. The stability and heritability of FAME profiles justify the 
use for comparative studies at the species level and above for taxonomic 
and possibly systematic investigations. 




572 



Special Topics 



Olsson et al. (1995) tested the potential use of specific fatty acids for 
estimating the biomass of AM fungi in soil. It was concluded that a lin- 
ear regression between the ester-linked phospholipid fatty acid (PLFA) 
pattern of the two fatty acids 16:lw5 and 20:5 can be used as an indicator 
of AM fungal biomass in soil. 

Antibodies. The use of antibodies (Ab) as molecular probes is based 
upon their highly selective binding to corresponding antigens, e.g., sur- 
face antigens of hyphae or soluble proteins derived from the cytosol. Ab 
have been intensively employed for the detection of viruses and bacteria 
for a number of years. Now they are increasingly being used for the 
identification and characterization of fungi (Perotto et al. 1992). Appli- 
cations of immunochemical methods in AM research have been re- 
viewed in detail (Hahn et al. 1994, 1995). It is of particular interest for 
ecological studies to discriminate the extraradical mycelium of different 
AM fungal species or strains. It is generally accepted that, with a few 
exceptions, mycelia of AM fungi can not be discriminated visually or by 
simple staining. Gobel et al. (1995) reported the production of a mono- 
clonal Ab against hyphae from AM fungi. This Ab selectively recognizes 
hyphae of the genus Glomus. No cross-reacitvities with the genera 
Acaulospora or Entrophospora were observed. Fungi from other classes 
were not recognized, with the exception of Rhizopus oligosporus. Spores 
of AM fungi were not labeled. On the contrary, Hahn et al. (1993) pro- 
duced a monoclonal Ab which labeled only the walls of the spores and 
the subtending hyphae of Glomus etunicatum. These findings indicate 
distinct antigenic differences between spore and hyphal walls of the ex- 
traradical mycelium of AM fungi. 



m) Systematics and Taxonomy 

During the past years, six new species have been described: Acaulospora 
excavata (Ingleby et al. 1994), Gigaspora tuberculata (Neeraj et al. 1993), 
Glomus antarcticum (Cabello et al. 1994), Glomus chimonobambusae, 
Entrophospora kentinensis (Wu et al. 1995), and Scutellospora castanea 
(Walker et al. 1993). 

The first attempt to solve taxonomic problems in glomalean fungi was 
undertaken by Gerdemann and Trappe (1974). They started with the 
formal Linnean classification and thereby put the study of AM fungi on a 
firm fundament. The basis for a modern taxonomic classification has 
been laid down by Morton and Benny (1990). They proposed the new 
order Glomales. Members of the Glomales were further separated into 
the two suborders, Glomineae with the families Glomaceae and Acau- 
loporaceae, and Gigasporineae with the family Gigasporaceae. The re- 
vised classification was mainly based on morphological characters of 
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fungal spores. The problems of this very recent AM taxonomy have been 
discussed in detail (Morton 1993; Bentivenga and Morton 1994b; Morton 
et al. 1995). 

Morton et al. (1995) showed that subcellular spore characters are dis- 
crete, conserved, and highly ordered within rigidly constrained differen- 
tiation sequences. Traditionally, spore characters include different struc- 
tural elements, so-called types of walls. Consequently, each character 
was treated independently and given equal weight in taxonomic deci- 
sions. Morton et al. (1995) reinterpreted morphological character con- 
cepts. They argued that the ontogeny of spore maturation must also be 
included. Within the context of developmental processes, they ordered 
spore subcellular characters hierarchically. They recognized three dis- 
tinct morphological characters: primary characters consist of spore 
walls, inner walls, and germination structures. Secondary characters are 
layers of discrete spatial origin confined within the physical boundary 
conditions of primary wall structures. Tertiary characters encompass all 
of the variation within each layer, such as color, thickness, ornamenta- 
tion, or degree of flexibility. While primary characters define higher 
taxa, tertiary characters define species. 

This revised character concept is based on two papers which demon- 
strated the advantages of this method. Franke and Morton (1994) used 
ontogenetic comparisons among isolates of two Scutellospora species 
(Sc. pellucida and Sc. heterogama) to resolve discrete stages of spore 
differentiation. Spore differentiation proceeded in a highly ordered and 
stable sequence. Furthermore, all characters in each development stage 
did not vary in two hosts {Trifolium pratense and Sorghum sudanense) 
and among five isolates of each species. In a similar study on taxonomic 
and phylogenetic divergence of five Scutellospora species (Sc. coralloi- 
dea. Sc. fulgida. Sc. gregaria. Sc. persica and Sc. verrucosa), Morton 
(1995) also observed stable and repeatable patterns of spore ontogeny. 
Both papers include redescriptions of the investigated species. 

The major structural wall components of many fungi are chitin and 
glucans. p-l,3-glucans have been found as common polymers of fungal 
cell walls in Basidiomycetes, Ascomycetes, and Oomycetes. However, 
this component is unusual for Zygomycetes (Wessels and Sietsma 1981). 
As the Glomales are placed in the Zygomycetes, it was interesting to 
investigate the occurrence of P-l,3-glucans. Gianinazzi-Pearson et al. 
(1994) found P-l,3-glucans in external hyphae and spores of all exam- 
ined genera of the Glomineae {Glomus and Acaulospora) by using indi- 
rect immunolabeling with monoclonal and polyclonal antibodies. No P- 
1,3-glucans could be detected in cell walls of genera belonging to the 
Gigasporineae {Gigaspora and Scutellospora). The authors concluded 
that AM fungi in the suborder Glomineae may represent an outlying 
group in the Zygomycetes with uncertain phylogenetic relationships. 
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Consequently, only AM fungi in Gigasporineae would remain firmly 
placed in the Zygomycetes. 

Schiifiler et al. (1994) discovered that the spore structure of the zygo- 
mycete Geosiphon pyriforme resembles members of the genus Glomus. 
G. pyriforme is the only known symbiosis of a fungus with endosymbi- 
otic cyanobacteria. The cyanobacterium is usually Nostoc punctiforme, 
but other Nostoc species are also able to take part in this symbiosis 
(Kluge et al. 1993). Detailed light and electron microscopic studies indi- 
cated several similarities between the spores of G. pyriforme and those of 
Glomus species. In consequence, the authors suggested that G. pyriforme 
represents a member of the genus Glomus. It is not known so far whether 
this fungus is able to form AM-like symbioses with plants. The authors 
consider the possibility that G. pyriforme forms AM-like symbioses with 
mosses, liverworts, or hornworts. 



n) Ecological Aspects 

Dhillion and Friese (1994) summarized the mycorrhizal status of prairie 
plant species. They discussed the relevance and potential role of my- 
corrhizal fungi in ecological restoration of grasslands. Mycorrhizal as- 
sociations were documented from both a field survey of prairie species 
and published studies reporting the mycorrhizal status of prairie species; 
96% of the examined 109 species (25 families) were mycorrhizal, all of 
them formed exclusively AM associations. The role of AM fungi in mine- 
land revegetation was reviewed by Pfleger et al. (1994). The aim of their 
study was to investigate how plant succession and diversity are linked to 
AM reestablishment in disturbed soils. Crucial aspects were evaluated 
for selecting AM fungi as well as plants for revegetation, and approach- 
ing revegetation strategies associated with specific types of mining ac- 
tivities and associated spoil. 

In order to develop a long-term reclamation strategy of tailing, Noyd 
et al. (1995) examined in a glasshouse experiment the interaction be- 
tween the three native prairie grasses big bluestem {Andropogon ger- 
ardii), little bluestem (Schizachyrium scoparium), Canada wild rye 
{Elymus canadensis), and indigenous AM fungi from a fine tailing basin. 
Big bluestem was highly dependent and responsive to inoculation at low 
P concentrations in soil, whereas inoculation had no effect on the growth 
of little bluestem. Canada wild rye was responsive only at the lowest P 
levels and not dependent on mycorrhizae. Furthermore, a growth de- 
pression in mycorrhizal Canada wild rye was observed at moderate P 
levels. In contrast, colonized root length of Canada wild rye were at low 
P levels approximately five times longer compared to big or little 
bluestem. In coarse tailing substrates, AM fungal propagule densities 
and P levels are very low. As Canada wild rye is heavily colonized under 
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these conditions, the authors suggested that this plant species is suitable 
as an early succession species because it increases the mycorrhizal in- 
oculum potential of the soil, and thus enhances the successful reclama- 
tion of coarse tailing deposits by more persistent, mycorrhiza-dependent 
species. 

Hartnett et al. (1994) carried out a field study of plant demographic 
responses to mycorrhizal symbiosis in tallgrass prairie and found that 
effects of AM fungi on the population dynamics of cooccurring prairie 
plants vary significantly both among species and among different life 
history stages within species. Nonmycorrhizal controls were obtained by 
adding benomyl, which is known to be detrimental to AM fungi 
(Johnson and Pfleger 1992). Flowering and stem densities of the cool- 
season grass, Dichanthelium oligosanthes, Carex spp., and the forb Aster 
ericoides were improved in nonmycorrhizal as compared to mycorrhizal 
plots, and the magnitude of these differences was significantly affected 
by burning. However, AM significantly enhanced flowering of Ae warm- 
season grasses Andropogon gerardii and Sorgastrum nutans in burnt 
prairie, but not in unburnt soils. It is assumed that mycorrhizae and fire 
interact to influence competitive interactions and demographic patterns 
of tallgrass prairie plant populations. 

Shumway and Koide (1994a) found that Glomus intraradices coloni- 
zation of Abutilon theophrasti increased seed quality. The observed dif- 
ferences between mycorrhizal and nonmycorrhizal plants were greatest 
for the early cohort of seeds. Offspring of early-season seeds, produced 
by mycorrhizal A. theophrasti plants, had faster growth rates compared 
to late-season seeds of mycorrhizal plants or seeds of nonmycorrhizal 
plants. Therefore, it must be taken into account that the benefit from 
mycorrhizal colonization may not be uniform over time but may vary 
during plant ontogenesis. The same authors (Shumway and Koide 
1994b) found in another study that offspring of the early cohort (again 
Abutilon theophrasti in association with Glomus intraradices) had a 
higher percentage of mycorrhizal colonization and a greater proportion 
of plant flowering in the early growing season, as well as a greater num- 
ber of capsules per plant at the end of the season, compared to the off- 
spring of late cohort seeds irrespective of maternal mycorrhizal status. 
In this study, maternal mycorrhizal effects on any offsping performance 
other than flowering time were to a large extent weak or insignificant. 
These results do not agree with seed characters that were obtained be- 
fore for the maternal generation (cf. above). Environmental conditions, 
especially the amount of rainfall, was different in the present study. 
These results demonstrate the difficulty to prove the long-term signifi- 
cance of maternal effects in field settings where maternal and offspring 
environments were different. 

A field study by Diaz and Honrubia (1994) dealt with a mycorrhizal 
survey of plants growing on mine wastes in southeast Spain. They found 
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that mycorrhizal colonization and spore density increased with vegeta- 
tion establishment. The highest values of average spore numbers sam- 
pled from all ten examined plant species were obtained in July and Oc- 
tober, which corresponded to plant fructification and repose. The 
maximum mycorrhizal colonization for each individual plant was 
reached during the flowering or vegetative growth period of the host 
plant. Decrease in mycorrhizal levels might be related to root senes- 
cence. The lowest values of mycorrhizal colonization and spore numbers 
occurred in the most disturbed sites. As mycorrhizae did not disappear 
completely, the authors suggested that this indicates a certain degree of 
adaptation to stress of AM fungi. 

Bellgard et al. (1994) studied the impact of a moderate wildfire on the 
abundance and colonization capacity of spores of AM fungi. Prefire 
samples were taken in mid-December, postfire samples immediately 
after the fire in late December from burned and unburned areas. The 
postfire colonization capacity of AM fungi and spore numbers were 
significantly less than the prefire samples. However, no difference was 
observed between postfire burned and unburned plots, indicating that 
the decrease is due to other factors than fire. It was suggested that a 
wildfire of moderate intensity had no significant impact on colonization 
capacity of AM fungi or on the abundance of the spores in the soil. All- 
sopp and Stock (1994) observed during their studies of AM fungi coloni- 
zation levels in roots of different postfire vegetations that only few plants 
had high colonization capacities 1-2 years after burning. They suggested 
that these low postfire levels of colonization is associated with annuals 
which dominated very early postfire environments. In agreement with 
earlier findings (Trappe 1987), they observed generally low levels of AM 
fungal colonization in annuals. 

Lee and Koske (1994a) monitored the seasonal abundance and agen- 
ing of Gigaspora gigantea spores in a maritime sand dune (Rhode Island, 
USA). They found that healthy spores were most abundant in winter and 
least in summer. Newly formed spores persist for about 5 months and 
subsequently perish. This study documented the seasonal dynamics of 
spore populations in sequential stages of declining health and vigor, and 
led to an estimation of the duration of the first two stages. 

A study by Trent et al. (1994) dealt with mycorrhizal colonization, 
hyphal length, and soil moisture associated with two Artemisia triden- 
tata subspecies. The two subspecies exhibited consistent differences in 
both colonization and hyphal density of the associated mycorrhizae. It 
was assumed that mycorrhizae are more active when moisture is avail- 
able and nutrient are limiting. 

Water. Sanchez-Diaz and Honrubia (1994) reviewed the effects of glo- 
malean fungi on plant water relations and their ecology in semiarid 
lands. Subramanian and Charest (1995) showed an increase in organic 
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solutes such as sugars and nitrogenous compounds in maize plants as- 
sociated with Glomus intraradices. Under drought, AM inoculation en- 
abled the plants to retain considerable amounts of sugars and proteins. 
They assume that these compounds contribute to osmotic adjustment, 
resulting in improved drought tolerance in mycorrhizal maize. Ruiz- 
Lozano et al. (1995) presented evidence that different Glomus species 
vary in their ability to ameliorate drought stress in colonized plants. 
They tested seven Glomus species for their ability to relieve drought 
stress in Lactuca sativa. Different fungal species varied in their ability to 
reduce drought stress. Glomus deserticola was the most effective fungus 
for increasing drought tolerance in the Lactuca plants in terms of both 
maintaining growth under stress conditions and permitting more effi- 
cient use of water. Reichenbach and Schonbeck (1995) showed that AM 
fungi altered the pore continuity of the substrate and enhanced its water 
capacity. 

Several papers dealt with the influence of nonhydraulic root-to-shoot 
signaling in mycorrhizal symbiosis (Auge et al, 1994, 1995; Ebel et al. 
1994). Aug^ et al. (1994), for example, concluded that mycorrhizal sym- 
biosis of Zea mays in association with Glomus intraradices acted inde- 
pentenly of P nutrition, plant size or soil drying rate in eliminating leaf 
growth response to nonhydraulic root-to-shoot communication of soil 
drying. 

Braunberger et al. (1994) examined the effect of rain in the dry season 
(false breaks) on the formation of AM associations in Western Austra- 
lian clover-based pastures. Their results showed that the overall coloni- 
zation of roots was decreased by false breaks. Assessment of the mor- 
phology of the mycorrhizae indicated that colonization by fine endo- 
phytes, most probably Glomus tenue, was decreased, but the coloniza- 
tion by Acaulospora spp.. Glomus spp., Scutellospora spp. and Gigaspora 
spp. was not decreased. It is supposed that the spores maintain adequate 
energy reserves to remain infective in the growing season. 

Mycorrhizal links. When the roots of two plants grow closely together in 
soil and both are colonized by the same fungus, hyphae can link the two 
plants. These links are expected to have a major effect on plant interre- 
lations, on species balance in mixed-species communities, and hence on 
the composition of communities (Miller and Allen 1992). Newman et al. 
(1994) observed hyphal links between eight plant species, including a 
legume, a scrambler and two woody species, grown in various two- 
species combinations. They provided further evidence for AM links be- 
tween different plant species although there are variations in strength. 
So far, many studies have demonstrated that interplant bridges formed 
by AM fungi can facilitate nutrient transfer between plants (cf. Miller 
and Allen 1992; Jeffries and Barea 1994). The transfer efficiency of 
Glomus clarum concerning the translocation of N and P from Pueraria 
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phaseoloides to Hevea brasiliensis was examined by Ikram et al. (1994). 
In contrast to the results mentioned above, their data did not suggest a 
significant role of AM hyphae as a possible direct route for the transfer 
of nutrients. They assumed that the transfer most likely occurred indi- 
rectly via root exudation and mineralization of nutrients. 



o) Bioassays 

A bioassay in mycorrhizal research is directed at the evaluation of the 
mycorrhizal inoculum potential (MIP) of soil. For this purpose, a myco- 
trophic plant is grown in the soil to be tested. Roots are harvested after a 
defined time period and assayed for the percentage of mycorrhiza for- 
mation. The methods used for measuring the indigenous soil inoculum 
potential of AM fungi were surveyed by Sieverding (1991). 

Asbjornsen and Montagnini (1994) carried out a plant bioassay using 
Stryphnodendron microstachyum as test plant to investigate the MIP of 
soil from three different vegetation types (fern, secondary forest, and 
grass) in a tropical human lowland. They found that S. microstachyum 
seedlings grown in the fern inoculum had significantly greater AM fun- 
gal colonization, but also a strong negative influence on plant growth. In 
a similar experiment, Fischer et al. (1994) estimated the most probable 
number of mycorrhizal fungus propagules in soils with different vegeta- 
tion histories in wet tropical soils employing guava {Psidium guajava) 
and onion {Allium cepa) as bioassay test plants. They found that the MIP 
is relatively low in sites kept bare of vegetation for several years, but 
high in abandoned grass pasture. The result of these studies suggests 
that differences in MIP among different vegetation types may have im- 
portant implications for the restoration of degraded lands. In order to 
detect the effects of soil depth, moisture, and pH on colonization of In- 
dian ricegrass {Oryzopsis hymenoides) a bioassay was used by Al-Agely 
and Reeves (1995). Their regression analyses showed a strong positive 
correlation between mycorrhizal formation and the amount of above- 
ground plant cover. On the other hand, a strong negative correlation 
between mycorrhiza formation and increases in initial soil depth, mois- 
ture, and pH was observed. 

The interactions of native AM fungi and an introduced one {Glomus 
fasciculatum) and their effect on plant growth {Lygeum spartum and 
Anthyllis cytisoides) in different mine wasted soils was studied by Diaz 
and Honrubia (1995). Plants inoculated only with Glomus fasciculatum 
were taller and reached higher P tissue concentrations in all the studied 
soils, when autoclaved. However, inoculation was not effective in un- 
sterilized substrates, when indigenous AM fungi were present. The 
authors suggested a competition between introduced and native fungi. 
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Saprophytes and parasites. Lindermann (1994) presented an overview on 
the factors that influence the role of AM fungi in biological control of 
plant diseases. Puppi et al. (1994) reviewed the positive interactions of 
AM fungi with essential groups of microorganisms. 

Parasitism of Gigaspora gigantea spores by fungi and actinomycetes 
was examined by Lee and Koske (1994b). Twenty two out of the exam- 
ined 31 species could function as pathogens. The species varied in their 
pathogenicity, but most of them were able to penetrate healthy spores 
either through internal projections or fine radial channels. The most 
virulent species isolated were Verticillium sp. and Acremonium sp. 

Catskd (1994) studied the influence of Glomus fasciculatum and 
G. macrocarpum on the population response of phytotoxic micromy- 
cetes in a Malus domestica orchard. The inoculation of apple seedlings 
with Glomus species decreased the amount of the phytotoxic micromy- 
cetes. On the other hand, the presence of AM fungi increased the 
amount of N^-fixing bacteria. 

McAllister et al. (1994) studied the in vitro interactions between the 
saprophytic fungi Trichoderma koningii, Fusarium solani, and Glomus 
mosseae. They observed that germinated spores of G. mosseae did not 
affect growth of the saprophytic fungi. Conversely, T. koningii inhibited 
spore germination of G. mosseae, and F. solani markedly stimulated the 
hyphal development of G. mosseae. 

St-Arnaud et al. (1994) found that the number of propagules of Py- 
thium ultimum and its development within roots was considerably lower 
in a mycorrhizal association of Tagetes patula with Glomus intraradices. 
The authors assumed that the reduction of the plant pathogen could be 
attributed either to a rapid induction of host plant resistance mecha- 
nisms by the mycorrhizal fungus or to an interaction between the fungi 
in soil. In a subsequent experiment, St-Arnaud et al. (1995) tested the 
growth of Fusarium oxysporum in an in vitro dual culture system with 
Glomus intraradices growing on Ri T-DNA-transformed carrot roots. 
Their experimental design allowed direct observation of interactions 
between the two fungi without any influences of roots or other soil mi- 
crobes. A correlation between G. intraradices hyphae or spore densities 
and F. oxysporum hyphal growth was not obtained. However, they ob- 
served an increased F. oxysporum conidial germination and a slightly 
stimulated hyphal growth in the presence of G. intraradices without any 
root influences. 

The possibiliy of using the AM fungus Glomus fasciculatum in bio- 
logical control of damping-off in cardamom {Elettaria cardamomum) 
caused by Fusarium moliniforme were discussed by Thomas et al. (1994). 
They found that G. fasciculatum reduced the severity of the disease and 
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that the AM fungus increased the population of F. moliniforme antago- 
nistic actinomycetes. 

A cytological study on the involvement of AM fungi on plant protec- 
tion was presented by Benhamou et al. (1994). They showed a distinct 
stimulation of resistance mechanisms in Ri T-DNA-transformed carrot 
roots, which were inoculated with Glomus intraradices and challenged 
with Fusarium oxysporum. It was observed that the disorganization of 
F. oxysporum hyphae colonizing mycorrhizal roots is correlated with 
chitin degradation. Because these reactions were not seen in nonmy- 
corrhizal roots, the authors suggested that mycorrhizal colonization is 
responsible, at least in part, for the activation of the plant defence sys- 
tem. 

The influence of mycorrhizal colonization on the rhizosphere myco- 
flora of Leucaena leucocephala was examined by Bansal and Mukerji 
(1994). It was shown that the suppression of rhizosphere mycoflora is a 
direct consequence of the reduced root exudation of sugars and amino 
acids in the mycorrhizal status. Furthermore, the alteration in mycoflora 
showed a tendency towards the suppression of pathogenic fungi, e.g., 
Fusarium sp., and the stimulation of saprophytes, e.g., Cladosporium sp. 

Liu (1995) examined the influence of the three different glomalean 
fungi Glomus mosseae, G. versiforme and Sclerocystis sinuosa on verticil- 
lium wilt of two Gossypium species. In this study, AM fungi reduced the 
incidence and disease indices caused by Verticillium dahliae during the 
whole growth phase. The different AM fungi vary in their protective 
strength; G. versiforme was the most effective, indicating that certain 
essential competition and antagonistic reactions exist between AM fiingi 
and V. dahliae. 

Bacteria. The influence of dual inoculation of Sorghum bicolor with four 
different AM fungi (Glomus constrictum, G. mosseae, G. occultum, Scutel- 
lospora persica) and Acetobacter diazotrophicus on mycorrhizal coloni- 
zation and plant growth was examined by Isopi et al. (1995). 
A. diazotrophicus could be observed inside roots, stems, and leaves. It 
may fix atmospheric nitrogen even in the presence of nitrate. Dual in- 
oculation with AM fungi and A. diazotrophicus further increased the 
nitrogen content of the plants compared to mycorrhizal inoculation 
alone. Furthermore, mycorrhizal inoculation increased the number of 
A. diazotrophicus bacteria in plants, which appeared to be related to 
plant nitrogen content. The most effective mycorrhizal species were G. 
constrictum and G. mosseae. 

Vosatka (1994) examined the interaction of Zea mays, two Glomus 
species, and Agrobacterium radiobacter. It was shown that plant biomass 
production was significantly enhanced after dual inoculation with A. 
radiobacter and AM fungi. The observed synergistic effect of fungal and 
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bacterial inoculants on plant growth may indicate an interactive effect of 
both organisms in microbiological processes affecting plant growth, 

Waschkies et al. (1994) found that mycorrhizal grapevine {Vitis sp.) 
was more resistant against replant disease, partly because the number of 
fluorescent pseudomonads were reduced. A reduction of fluorescent 
pseudomonads in the rhizosphere (Zea mays/Glomus mosseae) was also 
observed by Posta et al. (1994). However, Varma and Schuepp (1994a) 
found a significant increase in general microorganisms and pseudo- 
monads counts on the heavily mycorrhized root system of hortensia 
{Hydrangea sp.). They concluded with regard to existing literature that 
the response of rhizosphere populations to AM fungi cannot be general- 
ized, and that the population is probably dependent on the host re- 
sponse to the fungal species. 

Tripartite symbiotic associations. Sempavalan et al. (1995) examined the 
trisymbiosis of Casuarina equisetifoila, Glomus fasciculatum, and Fran- 
kia sp. Their data indicated a high degree of coordination between 
nodulation, colonization, and seedling growth in mineral deficient 
conditions. Both soil microorganisms did not compete for nodulation 
and mycorrhizal colonization, neither did they show inhibitory effects to 
each other. 

Inoculation experiments of Alnus cordata with two Glomus and one 
Frankia species were performed by Isopi et al. (1994). They also reported 
a positive effect of coinoculating mycorrhizal strains and Frankia on 
Alnus plant growth, and assume that these beneficial effects may vary 
according to the combination of plant species, Frankia, and mycorrhizal 
strains. 

Xie et al. (1995) examined the tripartite symbiotic association of Gly- 
cine max. Glomus mosseae, and Bradyrhizobium japonicum. Bradyrhi- 
zobium considerably enhanced colonization by the mycorrhizal fungus. 
Another tripartite symbiosis was examined by Ibrahim et al. (1995). 
They found that dual inoculation of Arachis hypogaea with Glomus fas- 
ciculatum and Bradyrhizobium resulted in stable and high yield levels in 
the field. 

The inoculation responses in Phaseolus vulgaris cultivars to AM fungi 
and different Rhizobium strains were tested by Daniels-Hylton and Ah- 
mad (1994), They found that different combinations of fungal and bac- 
terial strains varied in their ability to enhance plant growth. It was de- 
duced that the best pairings of AM fungus and Rhizobium strain need to 
be carefully selected for each plant cultivar. 

Nematodes. Pinochet et al. (1995) showed that root colonization of 
Prunus persica with Glomus mosseae clearly reduced the final population 
of Pratylenchus vulnus, a root-lesion nematode. The same group (Calvet 
et al, 1995) examined the effect of the same nematode on quince 
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{Cydonia oblonga) roots colonized by Glomus intraradices. It was shown 
that G. intraradices favors quince growth and confers protection against 
P. vulnus by improving plant nutrition. Interactions of the two nema- 
tode species Heterodera glycines and Macrophomina phaseolina and 
indigenous AM fungi in a soybean field were examined by Winkler et al. 
(1994). No evidence for nematode suppression was observed. H. glycines 
was antagonistic to mycorrhizal colonization of soybean roots. 

Insects. The feeding preferences of five collembolan species for glo- 
malean fungi were tested by Thimm and Larink (1995) using a food- 
choice test. Their studies showed that some collembolan species are po- 
tentially able to selectively graze AM fungi. The effect of root AM coloni- 
zation on larvae of Otiororhynchus sulcatus was examined by Gange et 
al. (1994). They observed a clear reduction in survival of insect larvae in 
plant roots inoculated with Glomus mosseae. Therefore, mycorrhizal 
presence may migitate the effect of herbivory at low larval densities. An 
increased resistance against the herbivore Arctia caja of mycorrhizal 
Plantago lanceolata was reported by Gange and West (1994). This might 
be attributed to increased glycoside levels in leaves of mycorrhizal 
plants. On the other hand, the sucking insect, Myzus persicae, exhibited 
improved growth and reproduction on mycorrhizal plants. 



q) Ecotoxicology 

Heavy metals. Among the multitude of organisms living in soil, AM 
fimgi stand out because of their ability to form a bridge between plant 
and soil (Bethlenfalvay and Schiiepp 1994). It is also known that heavy 
metal transfer from soil into plants is mediated by microorganisms in- 
cluding AM fungi. Haselwandter et al. (1994) reviewed the impact of AM 
fungi on plant heavy metal uptake into plants. Considerable difficulties 
were seen in interpreting the results on the uptake of metals from the 
soil because of the growth effects, which are due to the greater P uptake 
by mycorrhizal compared to nonmycorrhizal plants. Growth responses 
to AM fungi, including effects on dry matter partitioning within the 
plant, may lead to lower metal concentrations inside various plant parts. 
This may be due to internal dilution and lead to reduced toxicity, even if 
AM does not directely affect the uptake of metals. 

Weissenhorn et al. (1995b) concluded from their experiments in a 
sewage-sludge-amended soil that no relationship exists between my- 
corrhizal abundance and degree of metal exposure (Cd, Ni, Cu, Pb) in 
soil or inside maize roots. They also reported that abundant root coloni- 
zation in the high Cd and Ni soil did not provide an efficient protection 
of the host plant against high metal accumulation and toxicity. The 
abundance of AM fungi and their influence on heavy metal concentra- 
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tions in plants was also examined in a soil polluted by atmospheric 
deposition from a smelter (Weissenhorn et al. 1995a). AM quantiy was 
not correlated with metal (Cd, Zn, Pb, Cu) availability. In addition, AM 
root colonization did not substantially prevent metal accumulation in 
plants. The metal concentrations in maize grown on polluted fields 
strongly exceeded normal values; for Cd and Pb they reached the limits 
of toxicity for animal feed. 

Ozone. Ozone (O 3 ) is a strong oxidant, which enters plants through their 
stomata. The various effects of 0, at the cellular and biochemical level 
lead to alterations of many aspects of carbon fixation, use and translo- 
cation. Shafer and Schoeneberger (1993) discussed the influence of O, on 
plants and mycorrhizae. Since AM fungi depend on the carbon fixed by 
the plant and O 3 suppresses carbon allocation to the roots, it is assumed 
that this stressor affects fungal development in roots. The effect of mod- 
erate O 3 concentrations (1.5x and 3x ambient concentration) on the de- 
velopment of AM fungi in Acer saccharum was examined by Duckman- 
ton and Widden (1994). They observed an increase in the frequency of 
vesicles and hyphal coils, while the number of arbuscules decreased. It 
was concluded that AM fungi are extremely sensitive to any changes in 
the distribution of carbohydrates to the root system and that these fungi 
respond before any visible signs of stress are apparent. 

Pesticides. There are numerous reports on pesticide interactions with 
mycorrhizal fungi. This topic has recently been reviewed by Johnson and 
Pfleger (1992) and Kurle and Pfleger (1994b). The currently available 
information is largely empirical, and predictions on the interactions of 
plants, AM fungi, and pesticides cannot be made yet. Furthermore, gen- 
eralizations should be avoided because of diverging experimental con- 
ditions. 

Fungicides. Fungicides include a tremendous variety of compounds dif- 
fering greatly in their modes of action and effectiveness on AM fungi. As 
Johnson and Pfleger (1992) pointed out, conflicting reports are common, 
even within a single class of pesticides. Seymour et al. (1994) examined 
in a pot experiment the effects of three-anti-oomycte fungicides, fosetly 
Al, metalaxyl, and phosphonic acid, on mycorrhizal colonization of the 
roots of maize by four Glomus species. Fosetyl Al and phosphonic acid 
exerted phytotoxic effects on maize (stunted roots and tops), and the 
length of mycorrhizal roots was markedly reduced. In contrast to these 
results, metalaxyl had no phytotoxic effects, and excellent mycorrhizal 
colonization of the Glomus species were reported. This agrees with John- 
son and Pfleger (1992), who stress on the basis of a literature search that 
metalaxyl general has beneficial or neutral effects on mycorrhizae, and 
underlines the special position of the Glomales within the Zygomycetes. 
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The effects of six fungicides (bavistin, dithane, emisan, fytolan, 
thiram, ziram) on the formation and function of AM symbiosis in 
groundnut {Arachis hypogea) were investigated in field studies by 
Sugavanam et al. (1994). Fytolan treatment produced a range of positive 
responses in AM colonization, spore production and yield of host plants. 
The other fungicides restricted mycorrhizal colonization to different 
levels. Fytolan is a nonsystemic copper fungicide, containing 88% (w/w) 
copper oxychloride (Sugavanam et al. 1994). The authors suggest that 
fytolan might alter root exudation of groundnut plants in a way that 
favors the propagation of AM fungi. 

Insecticides. Venkateswarlu et al. (1994) examined in a pot experiment 
the influence of the systemic insecticide carbofuran (a cholinesterase 
inhibitor) on mycorrhizal colonization by Glomus durum of groundnut. 
While 0.5 kg/ha significantly enhanced sporulation, 2 kg/ha reduced 
spore number. Application of carbofuran at 5 kg/ha inhibited mycorrhi- 
zal status of groundnut. 

Herbicides. Although these compounds are designed to interfere with 
growth and metabolism of weed, they can also affect AM fungi. The ef- 
fect of simazine on the AM population in an apple orchard was tested by 
Granger et al. (1995). They found that the spore and sporocarp popula- 
tions of AM fungi were proportionally reduced by simazine in the con- 
centration range of 3-12 kg/ha. Hamel et al. (1994) tested in a pot ex- 
periment the effect of the three herbicides, simazine, dichlobenil, and 
paraquat, on apple plants after mycorrhizal establishment. An increase 
in plant mortality of mycorrhizal apple rootstocks was observed com- 
pared to nonmycorrhizal control plants. It is suggested that Glomus 
versiforme increased the phytotoxicity of these compounds by improv- 
ing their uptake. 



r) Practical Use of AM in Agriculture and Horticulture 

Lovato et al. (1995) considered the application of AM fimgi in orchard 
and ornamental plants, Barea and Jeffries (1995) the role of AM as es- 
sential components of sustainable agriculture. Jeffries and Barea (1994) 
stressed the importance of the AM network in the preservation of nutri- 
ent cycling within sustainable soil-plant ecosystems. Bethlenfalvay and 
Schuepp (1994) discussed the influence of AM on agrosystem stability. 
Vestberg and Estaiin (1994) reviewed the effect of AM fungi on micro- 
propagated plants. 

Douds et al. (1995) found that farming system and tillage regime had 
significant effects upon the AM fungus population. Larger populations 
of Glomus occultum-type spores occurred in low-input agriculture. 
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whereas the conventionally farmed soil contained larger populations of 
Glomus etunicatum-type spores. Furthermore, the G. occultum group 
was more numerous under no-till, while G, etunicatum was more nu- 
merous in soils under cultivation. Kurle and Pfleger (1994a) showed that 
low-input field management practices appears to be associated with 
increasing AM spore populations. Furthermore, weeds were the domi- 
nant vegetation in the low-input area. The increased AM spore popula- 
tions in these fields compared to conventional field management prac- 
tices may have resulted from higher root density and higher root coloni- 
zation in large weed populations. No correlation between root coloniza- 
tion and AM spore populations was observed. 

The effectiveness of AM inocula on wetland rice seedlings under field 
conditions was investigated by Secilia and Bagyaraj (1994). Glomus in- 
traradices, on of the three recently selected AM isolates for application 
in inoculating wetland rice (Secilia and Bagyaraj 1992), proved to be 
quite useful, as this fungus allows the reduction of P fertilizer by 50% 
without affecting yield. The influence of different P fertilizers on the 
colonization of wheat was examined by Ryan et al. (1994). While the use 
of fertilizers containing soluble P had a negative influence on the rate of 
colonization, an application of the relatively insoluble rock P did not 
result in a decrease in the colonization rate. 

The dependency of cassava {Manihot esculenta), an important root 
crop, on AM fungi was examined by Habte and Byappanahalli (1994). 
They started their experiments from either small or large cuttings. They 
found cassava to be highly dependent on AM fungi if grown from small 
cuttings, but only marginally dependent if grown from large cuttings. 
They supposed that the large cuttings have high P reserves and hence a 
low requirement for additional P. 

The positive influence of the three AM fungi Glomus fasciculatus, 
G. mosseae, and G. macrocarpus on the growth and nutrient uptake of 
grapevine was reported by Karagiannidis et al. (1995). The results indi- 
cated that these fungi differ in their effectivity. 

Varma and Schiiepp (1994b) studied the effectiveness of Glomus in- 
traradices on micropropagated plants of three species (two strawberry 
varieties, two raspberry varieties, hortensia). Considerable differences 
were observed between the examined plants, ranging from mutualistic to 
negative effects. The authors concluded that there is a need to determine 
the specific effects of each species of AM fungi on individual host plants 
prior to their utilization in the micropropagation of plantlets. Varma 
and Schiiepp (1994a) observed in a study on micropropagated hortensia 
plantlets a generally positive effect of Glomus intraradices', 100% survival 
of the mycorrhizal plants was observed after transplanting and no 
"transient transplant shock" occurred. 

Sbrana et al. (1994) examined the effect of Glomus sp. A6 on survival 
and growth renewal of micropropagated rootstock of the three Rosaceae 
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species Maluspumila, Prunus amygdalus x P. persica and Prunus cerasif- 
era. They showed that the mycorrhizal inoculation enhanced both the 
growth and the survival of plants after transplanting them to an in vivo 
culture. Rapparini et al. (1994) showed that mycorrhizal inoculation 
with Glomus sp. effectively promoted plant growth and increased the 
number of surviving Pyrus communis and Prunus persica x P. amygdalus 
plants to outplanting. 



3. Ericoid Mycorrhizae 

The fine root systems of many species of the Ericaceae, Epacridaceae, 
and Empetraceae are known to form ericoid mycorrhizae. These plant 
species are prominent components of heathland communities. The fine 
roots are characterized by their simple anatomy. They consist of a stele 
surrounded by a few cortical cells and a single layer of enlarged epider- 
mal cells. The fungal symbionts of ericaceous plants are mainly ascomy- 
cetes, e.g., Hymenoscyphus ericae. A detailed and critical survey of the 
fungi associated with ericoid roots was given by Read and Kerley (1995). 
The fungus spreads along the root and produces branches which colo- 
nized individual cells. Generally, hyphae do not pass from cell to cell (for 
details see Harley and Smith 1983). Read and Kerley (1995) reviewed the 
current knowledge of the taxonomic, structural, and functional status of 
ericoid mycorrhizal symbiosis. The two fundamental roles of ericoid 
mycorrhizae are acquisition of essential nutrients, primarily nitrogen, 
and an involvement in the detoxification of the soil environment. 

The role of extrahyphal fungal slime on the amelioration of zinc (Zn) 
toxicity to Calluna vulgaris was investigated by Denny and Ridge (1995). 
They tested four different isolates of ericaceous mycobionts, which pro- 
duce different amounts of loosely adherent slime in culture. It was found 
that the amount of this slime was proportional to the ability of the fungal 
mycelium to take up Zn, the tolerance of the fungal isolates, and the 
degree of growth enhancement exhibited by the associated Calluna 
plants in the presence of potentially toxic concentrations of Zn. Thus, 
this extrahyphal, loosely adherent slime might play a central role in ab- 
sorbing Zn ions from soil. 

Varma and Bonfante (1994) investigated the ability of eight strains of 
ericoid mycorrhizal fungi to metabolize cell-wall related mono-, di-, and 
complex polysaccarides as sole carbon and energy sources. They found 
that xylose, galactose, laminarin, tylose, and carboxymethyl cellulose 
supported the growth of most of the tested strains, such as Hymeno- 
scyphus ericae. In contrast, strain PS IV showed good growth only with 
laminarin and tylose. These experiments demonstrated that suspended 
jelly-like and soluble polymers of P-l,4-glucans (tylose and carboxy- 
methly cellulose) and of P-l,3-glucans (laminarin) are good substrates 
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for fungal growth. They also observed that native and crystalline cellu- 
losic materials, as well as xylans, are not degraded. In addition, Varma 
and Bonfante (1994) tested the glucanase acitivities of two strains 
(Hymenoscyphus ericae and PS IV) and found that the ericoid mycorrhi- 
zal fungi are able to produce the enzymes. As P-l,3-glucans are common 
components of plant cell walls and form together with P-l,4-glucans 
unbranched molecules, the authors suggested that p-l,3-glucanase, to- 
gether with the p-l,4-glucanase, could be active in the hemicellulose 
degradation. 

Xiao and Berch (1995) tested the ability of 13 ericoid mycorrhizal 
fungi to form mycorrhizae in vitro with salal {Gaultheria shallon). Five 
of the 13 fungi formed typical ericoid mycorrhizae, including Hymeno- 
scyphus ericae, Oidiodendron flavum, 0. maius, Pseudogymnoascus 
roseus, and Scytalidium vaccinii. The authors concluded that salal has 
the potential to be a host to many species of ericoid mycorrhizal fungi in 
the field, 

Duckett and Read (1995) provided evidence that the rhizoids of a 
range of leafy liverwort species of the Lepidoziaceae, Calypogeiaceae, 
Cephaloziaceae, and Cephaloziellaceae, most of which are associated in 
nature with ericaceous plants, can be readily colonized in vitro by Hy- 
menoscyphus ericae. This study also included successful resynthesis ex- 
periments: when aseptically grown ericaceous seedlings were planted 
onto a medium containing fungal isolates obtained from rhizoids of 
liverworts, these fungi produced typical ericoid mycorrhiza in the hair 
roots of ericaceous plants. These findings of Duckett and Read (1995) 
provided a major extension of the likely host range of Hymenoscyphus 
ericae. 



4. Orchid Mycorrhizae 

The Orchidaceae are considered to be the largest plant family in the 
world, with about 20 000 to 30 000 species. All orchids produce extremly 
small seeds, and they are all mycorrhizal under natural conditions. In 
protocorms, the carbohydrate heterotrophic stage of orchid develop- 
ment takes place. Translocation of carbohydrates in the direction of the 
plant has been demonstrated for many orchid species assembling sym- 
bioses with mycorrhizal fungi. In the basal region of protocorms, fungal 
hyphae form coiled complexes in cortical cells. There are finally digested 
(for details see Harley and Smith 1983). A large number of the orchid 
mycorrhizal fungi are referred to the form genus Rhizoctonia, e.g,, Rhi- 
zoctonia repens and Rhizoctonia solani (Harley and Smith 1983). 

A molecular approach was carried out by Liu et al. (1995) to distin- 
guish between several anastomosis groups in the Rhizoctonia solani 
species complex. They investigated DNA polymorphism in the 18S 
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rDNA region by using 11 restriction endonucleases for 161 isolates rep- 
resenting 11 anastomosis groups of R. solani. Anastomosis group 10 
isolates proved to be distinct, and distantly related to the majority iso- 
lates of the other anastomosis groups of this species complex. The 
authors concluded taht the distinct 18S rDNA restriction profiles can be 
used in combination with traditional biological characteristics to de- 
velop a classification system of the R. solani species complex. 

The effect of indole acetic acid (lAA) on mycorrhiza-assisted germi- 
nation of the terrestrial orchid Pterostylis vittata and the production of 
lAA by orchid-associated bacteria was examined by WUkinson et al. 
(1994). They found a positive influence of lAA on the germination rate 
of the orchid. It was also shown that lAA can be produced by the orchid- 
associated bacteria, e.g.. Pseudomonas putida and Xanthomonas malto- 
philia, while the mycorrhizal fungus of Pterostylis vittata was not able to 
produce this hormone in axenic culture. 

Dijk and Eck (1995) examined the influence of the orchid mycorrhizal 
fungi Ceratorhiza sp. and Epulorhiza repens on the in vitro effect of ni- 
trogen (N) on the orchid species Orchis morio, Dactylorhiza praeter- 
missa var. junialis, D. incarnata and D. majalis, including two strains 
of each fungus. At low N levels (upto 3 mM), both fungi appeared to 
stimulate orchid growth. At higher N levels (6 or 12 mM), the effects of 
the fungi varied: while the Ceratorhiza strains decreased the N tolerance 
of the associated orchid protocorms and also decreased growth and 
survival of D. majalis and D. incarnata, these effects did not occur in 
symbioses with the Epulorhiza strains. Differences were also observed 
within orchid species in the extent to which fungal strains stimulated 
growth. In D. praetermissa the two tested Ceratorhiza strains differed 
significantly in their effect on the mycorrhizal plant. It was concluded 
that individuals of the same plant species but in symbiosis with different 
fungi have different nutrient optima and could therefore be expected to 
occur in soils of different nutrient status. 

Evidence for a fungal connection between Corallorhiza trifida and 
Pinus contorta by fungal hyphae was given by the findings of Zelmer and 
Currah (1994). They isolated a yellow basidiomycete with clamped hy- 
phae from the rhizome of C trifida in vitro. This fungus forms coiled 
complexes, which are typical for orchid mycorrhizae, in cortical cells in 
the rhizome of C. trifida. When seedlings of P. contorta were inoculated 
with this fungus, well-developed ectomycorrhizae were formed. The 
ectomycorrhizae appeared silvery and yellow-green. When fully devel- 
oped, they obtained a dichotomous to corraloid structure. So far, the 
identity of this fungus is unclear. The authors concluded that this yellow 
basidiomycete has the ability to form mycorrhizae with both the orchid 
and pine, and suggested that this fungus may function as a nutritional 
link, permitting the orchid to access substances produced by P. contorta. 
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